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Precision  Analysis  and  Recommended  Test  Procedures  for 
Mobility  Measurements  Made  with  an  Instrumented  Vehicle 

SALLY  A.  SHOOP 


INTRODUCTION 

In  the  past,  CRREL’s  mobility  research  program 
concentrated  on  mobility  on  snow  and  ice  where  the 
effects  of  the  variables  being  studied  (snow  type  and 
traction  aids)  were  quite  large  and  relative  changes  in 
mobility  were  easily  detected.  More  recent  research 
interests,  however,  include  mobility  on  shallow  snow 
and  freezingAhawing  ground  where  the  effects  of  the 
terrain  and  tire  variables  are  more  subtle.  When  the 
quantities  being  measured  are  small  relative  to  the 
noise,  scatter  in  the  data  can  be  detrimental  to  the 
success  of  the  experiment. 

This  report  documents  the  precision  and  reproduc¬ 
ibility  of  mobility  measurement'  with  an  instmmented 
vehicle.  The  experiments  were  performed  over  several 
years  and  their  goal  was  to  isolate  and  quantify  causes 
of  variability  in  measurements  occurring  during  normal 
mobility  testing  operations.  Statistical  methods  were 
used  to  determine  how  different  variables  were  system¬ 
atically  affecting  the  data.  This  analysis  allowed  us  to 
improve  the  precision  of  mobility  testing  and  made  the 
measurement  of  more  subtle  effects  possible. 

STATISTICAL  CONSIDERATIONS 

In  any  experimental  program  it  is  important  to  know 
the  precisior.  of  the  experin<ental  procedure.  This 
knowledge  is  u  sed  to  maximize  the  results  obtained  and 
minimize  the  time  and  cost  of  an  experimental  program. 
The  precision,  or  experimental  error,  includes  the  re¬ 
peatability  of  the  measurements  (agreement  of  results 
obtained  with  the  same  method,  on  identical  test  mate¬ 
rial  and  under  the  same  conditions)  as  well  as  how 
reproducible  these  measurements  are  under  different 
conditions  (when  measured  by  different  operators,  at  a 
different  time  or  with  a  different  apparatus).  Experi¬ 
mental  error  consists  of  both  random  error  and  systematic 
error,  sometimes  call  bias  error.  Random  error  is  dealt 
with  by  replicating  experiments  and  calculating  an 


average  because  the  average  value  of  random  error  is 
zero.  ( If  the  data  set  is  small,  the  average  value  of  the 
random  error  only  approximates  zero.)  Riuidom  experi¬ 
mental  error  can  be  expressed  by  the  standard  deviation, 
sometimes  also  called  standard  error,  which  is  a  mea¬ 
surement  of  precision.  Systematic  error,  however,  will 
bias  the  experimental  results  and  must  be  eliminated  or 
accounted  for.  Systematic  errors  are  eliminated  by 
improvements  in  technique,  correction  to  the  data,  or 
reduction  of  their  biasing  by  randomization. 

Some  scatter  exists  in  any  experimental  data  but  if 
the  effects  of  the  variables  (such  as  snow  depth)  are 
large,  relative  changes  in  results  (such  as  vehicle  mo¬ 
tion  resistance)  are  easily  detected.  This  type  of  situa¬ 
tion  is  illustrated  in  Figure  1  a,  which  shows  how  experi¬ 
mental  error  influetKes  whether  the  effects  of  an  ex¬ 
perimental  factor  can  be  detected.  In  this  figure  the 
horizontal  axis  represents  values  of  a  “factor,”  which  is 
statistical  jargon  for  independent  variable,  such  as 
properties  that  characterize  the  terrain  or  vehicle.  Re¬ 
sponses  art  the  dependent  variables  we  measure,  such 
as  traction  ormotion  resistance,  and  these  are  represented 
on  the  vertical  axis.  Experimental  error  is  the  repro¬ 
ducibility  of  the  response  measurement  and  is  commonly 
expressed  as  the  standard  deviation.  The  “effect”  is  the 
change  in  a  response  caused  by  a  change  in  "x  factor. 

Because  of  the  strong  effect  of  snow  on  'Jie  magni¬ 
tude  of  the  vehicle  motion  re.sislance,  relative  changes 
in  resistance  ate  easily  detected,  oven  if  the  experimental 
e.Tor  is  relatively  large,  as  shown  in  Figure  la.  How¬ 
ever,  for  motion  resistance  on  shallow  snow  and  frozen/ 
thawing  ground  the  forces  measured  can  be  small  arid 
the  effects  of  the  terrain  subtle.  Thus,  the  scatter  in  the 
data  is  more  apparent,  and  can  be  detrimental  to  the 
success  of  the  experimental  program  as  indicated  in 
Figure  lb  where  the  effect  is  smaller  than  the  experi¬ 
mental  error  and  much  more  difficult  to  detect. 

To  successfully  detect  the  small  effects  caused  by 
some  variables  the  experimental  program  must  be 
carefully  planned.  The  uncertainty  must  be  decreased  or 
the  range  of  the  test  variable  (factor)  must  be  large.  The 


precision  of  the  measurement  can  be  improved  (experi¬ 
mental  error  decreased)  by  refining  the  experimental 
technique  to  eliminate  systematic  errors  or  by  increas¬ 
ing  the  number  of  replicate  tests.  The  relationship 
between  the  experimental  standard  deviation  and  num¬ 
ber  of  replicates  is 

Sy  —  Sy/^n  (1) 

whereby  =  the  standard  deviation  of  the  mean 

Sy  =  the  standard  deviation  of  the  individual 
measurements 

n  =  the  number  of  replicates 
However,  since  the  uncertainty  (standard  deviation 
of  the  mean)  is  reduced  by  1  /  -iTT,  improvements  are 
only  minor  above  n  =  5. 


Using  hypothesis  testing,  we  can  estimate  the  num¬ 
ber  of  replicates  needed  to  detect  an  effect  of  size  8  at 
some  stated  confidence  level  from 

n  =  (2) 

where  8  is  the  size  of  the  effect  and  t  is  the  value  from 
Student’s  t  test,  which  takes  into  account  uncertainties 
in  the  estimate  of  the  standard  deviation.  From  this 
equation  you  can  see  how  a  decrease  in  the  standard 
deviation  will  decrease  the  number  of  replicates  needed. 
This  will  reduce  the  time  and  cost  of  the  experimental 
program.  Or,  if  the  standard  deviation  and  the  number 
of  replicates  are  known,  eq  2  can  be  used  to  estimate  the 
minimum  detectable  effect.  The  relationships  between 


a. 


X,  Factor 

Figure  1 .  Influence  of  experimental  error  on  ability  to  detect  variable 
effects.  If  the  variable  effect  is  large  (i.e.,  a  steep  Jope  on  the  graph) 
then  it  can  be  detected  even  when  experimental  error  is  relatively 
large  (case  la)..  If  the  effect  is  small,,  experimental  error  must  be 
reduced  to  aid  in  detecting  the  effect  experimentally  (case  lb) 
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Figure  2  CRREL  Instrumented  Vehicle. 


these  parameters  (size  of  detectable  effect,  standard 
deviation,  number  of  replicates,  confidence  and  risk) 
are  discussed  fully  in  Natrella  (1963)  among  other 
references  on  experimental  statistics. 

BACKGROUND  ON  MOBILITY  TESTING 

Instrumentation  configuration  of  the  CRREL 
Instrumented  Vehicle  (CIV) 

Although  the  data  were  collected  using  an  instru¬ 
mented  vehicle,  the  test  techniques,  analysi  sand  results 


are  applicable  to  mobility  testing  in  general.  To  under¬ 
stand  the  nature  of  the  mobility  measurements,  a  brief 
description  of  the  test  vehicle  (Fig.  2)  and  the  different 
mobility  test  procedures  used  will  be  presented. 

Currently,  each  of  the  front  wheels  of  the  vehicle  is 
instrumented  to  measure  the  forces  at  the  tire/ground 
interface  and  the  speed  of  each  wheel.  (All  four  wheels 
were  instrumented  in  1991.)  The  load  cells  measure 
forces  in  three  perpendicular  directions:;  longitudinal 
(in  the  direction  of  travel),  vertical,  and  transverse  (side 
forces,  generated  during  turning  maneuvers),  as  shown 
in  Figure  3.  Although  the  load  cells  are  mounted  along 
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Figure  3.  Axis  convention  for  triaxial  load  cells  mounted  on  the  front  wheels  of  the 
instrumented  vehicle.. 
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the  axles,  they  actually  measure  the  forces  generated  at 
the  interface  between  the  wheel  and  the  ground,  through 
the  response  of  the  axle.  The  speed  of  each  wheel  is 
measured  using  a  [Hoximity  gauge  and  counter  and  the 
vehicle  speed  is  measured  using  a  fifth  wheel  or  a  sonic 
sensor.  Ihe  instrumentation  of  the  CIV  is  fully  detailed 
in  Berliner  and  Shoop  (1991)  and  Blaisdell  (1983). 

Vehicle  calibratioa 

The  vehicle  should  be  “calibrated”  at  the  beginning 
of  each  test  series  and  again  if  it  is  turned  off,  if  the 
conditions  change  significantly,  or  if  the  tests  take  over 
diree  hours  to  complete.  In  the  past,  the  standard  cali¬ 
bration  method  was  to  turn  on  the  vehicle  and  all 
electrical  components  and  allow  them  to  warm  up  for  at 
least  IS  minutes.  The  front  of  the  vehicle  was  then 
jacked  clear  of  the  ground  so  diat  die  wheels  were  free 
from  load.  In  this  position,  the  vertical  channel  of  the 
load  cells  was  read  and  equated  to  zero  load.  The  vehicle 
was  then  lowered,  rolled  back  and  forth  to  remove  any 
unusual  offset  in  the  suspension  caused  when  lowering 
the  vehicle,  and  then  rolled  to  a  stop,  without  braking, 
while  in  neutral.  In  this  position,  the  horizontal  Oongi- 
tudinal  and  side)  channels  of  the  load  cells  were  read 
and  stored  as  zero  load  values.  Zeroing  at  this  position 
factors  out  the  stresses  on  the  wheels  caused  by  the 
vehicle  suspension  and  by  deflected  belts  and  cords  in 
the  tires.  In  both  the  elevated  and  on-ground  positions, 
readings  ate  also  taken  with  precision  shunt  resistors 
across  the  appropriate  lead  cell  channels.  Zero  velocity 
is  read  while  the  vehicle  is  motionless  and  is  scaled  by 
taking  readings  while  driving  the  vehicle  at  a  given 
constant  speed,  usually  S  mph. 

Typical  mobility  test  procedures 

A  mobility  test  sequence  generally  consists  of  both 
traction  and  motion  resistance  tests.  To  measure  trac¬ 
tion,  the  vehicle  is  driven  at  a  constant  speed  (generally 
3  to  5  mph)  in  front  wheel  drive.  The  speed  of  the  front 
wheels  is  then  gradually  increased  (either  manually  or 
automatically  using  a  stepper  motor)  while  the  brakes 
are  applied  to  the  rear  wheels  to  hold  the  vehicle  speed 
constant.  The  resulting  slip  of  the  front  wheels  is  usually 
reported  as  the  whecl-to-ground  differential  interface 
velocity  (DIV)  which  is  equal  to  the  speed  of  the  wheel 
minus  the  speed  of  the  vehicle.  Traction  is  generally 
reported  as  a  tractive  coefficient  (longitudinal  force 
divided  by  vertical  force)  and  is  plotted  as  a  function  of 
the  DIV. 

Motion  resistance  is  determined  by  measuring  the 
longitudinal  force  on  the  front  wheels  with  the  vehicle 
in  rear-wheel  drive.  Again,  the  vehicle  is  operated  at  a 
constant  speed.  Motion  resistance  is  repotted  as  the 
average  longitudinal  force  or  as  a  motion  resistance 


coefficient  (longitudinal  divided  by  vertical  force).  The 
motion  resistance  on  deformable  terrain  is  sometimes 
reported  as  terrain  resistance  (also  called  external  resis¬ 
tance),  which  is  that  part  of  the  motion  resistance  caused 
by  the  terrain  deformation  only  (i.e.,  does  not  include 
the  effects  of  the  deformation  or  flexing  of  the  running 
gear).  Terrain  resistance  is  calculated  by  subtracting  the 
motion  resistance  measured  on  a  hard  surface  from  the 
total  motion  resistance  measured  on  the  deformable 
terrain.  The  hard  surface  motion  resistance  is  generally 
measured  on  a  paved  road  near  the  test  area. 

EXPERIMENTAL  ERROR 

Knowledge  of  the  standard  deviation,  a  measure  of 
experimental  error,  is  needed  to  determine  the  magni- 
nide  of  the  effect  that  can  be  measured.  If  the  true 
standard  deviation  is  unknown,  as  is  usually  the  case,  an 
estimate  can  be  made  from  previous  data  of  a  similar 
nature.  (If  absolutely  no  data  exist  an  estimate  can  be 
made  using  rules  of  thumb  presented  in  Natrella  [1963].) 
CRREL  vehicle  mobility  measurements  taken  over  the 
last  several  years  have  been  used  to  estimate  the  stan¬ 
dard  deviation. 

First,  the  data  were  checked  to  determine  if  the 
assumptions  regarding  the  application  of  certain  statis¬ 
tical  techniques  were  valid,  i.e.,  if  the  data  are  normally 
distributed.  To  check  the  distribution  of  the  data,  a  data 
set  of  hard  surface  motion  resistance  values  collected 
during  November  and  December  of  1 988  and  1 989  was 
plotted  on  probability  paper.  To  do  this,  the  resistance 
values  are  arranged  in  ascending  order.  The  first  value 
is  assigned  a  probability  of  F  =  1 00/2n  and  each  follow¬ 
ing  value  is  assigned  a  probability  of  Fj  =  Fj  _  i  +  100/ 
n,  where  n  is  the  number  of  values  (Table  1 ).  The  values 
are  then  plotted  against  the  probability,  using  probabil¬ 
ity  paper,  as  shown  in  Figures  4  and  5,  and  should  fall 
along  a  line  if  the  data  are  normally  distributed.  By 
visually  fitting  the  data  with  a  line  we  can  graphically 
estimate  the  mean  (50%  probability)  and  the  standard 
deviation  (the  difference  between  the  values  at  50%  and 
84%  probability).  The  good  agreement  between  graphi¬ 
cal  values  of  mean  and  standard  deviation  obtained 
from  Figures  4  and  5  and  the  values  calculatea  from 
Table  1  indicates  that  the  assumption  of  a  normal 
distribution  is  correct.  Even  if  the  distribution  is  only 
approximately  normal,  most  statistical  techniques  are 
still  applicable;  the  statistical  techniques  are  said  to  be 
robust  to  nonnormality.. 

Since  we  have  many  traction  and  motion  resistance 
measurements  taken  over  the  years,  but  they  are  taken 
in  small  sets  for  each  different  terrain  condition,  a  good 
estimate  of  the  precision  of  our  measurements  can  be 
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Tabk  1.  Resistance  values  for  hard  surface  rolling  resistance  for  the  same  tire 
at  26>psi  inflation  pressure  using  a  rolling  calibration. 

Values  from  the  left  and  right  wheel  are  sorted  in  ascending  order  and  assigned  a  probability  value  for 
plotting  the  distribution  on  probability  pt^er.  The  agteentent  between  the  calculated  and  graphical 
average  and  standard  deviation  indicates  that  the  data  are  nonnally  distributed. 
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Figure  4.  Distribution  of  hard  surface  rolling  resistance  measured  at  the  left  wheel 
(Table  1)  as  shown  on  probability  paper..  The  relatively  straight  line  along  with  the 
agreement  between  the  calculated  and  graphical  mean  and  standard  deviation  indicates 
that  the  data  fall  within  a  normal  or  Gaussiatt  distribution. 


5 


Figure  5.  Distribution  of  hard  surface  rolling  resistance  measured  at  the  right  wheel 
(Table  1)  as  shown  on  probability  paper.  The  relatively  straight  line  along  with  the 
agreement  between  the  calculated  and  graphical  mean  and  standard  deviation 
indicates  that  the  data  falls  within  a  normal  distribution. 


obtained  by  pooling  the  standard  deviations  of  the  indi¬ 
vidual  data  sets.  A  pooled  standard  deviation  is  essen- 
tiaUy  the  weighted  average  of  the  standard  deviation  of 
the  separate  data  sets,  and  is  obtained  using  the  follow¬ 
ing  equation: 

S' y  pooled  = 

(/ii-:o  + («i+i -i)  + .  (3) 

where  5y  pooled  =  the  pooled  standard  deviation 
5yi  =  standard  deviation  of  data  set  / 

R;  =  number  of  replicates  in  data  set  i 
I  =  data  set,  <  + 1  symbolizes  next 
dataset. 

Tocalculatethepooled  standard  deviation,Iused  trac¬ 
tion  data  from  tests  performedinMontana  during  March 
1987  (Rlaisdell  et  d.  1987).  A  variety  of  terrain  condi- 
tioHa  /ere  tested  and,  for  each  terrain  condition,  sev¬ 
eral  traction  tests  were  performed.  The  results  ate  ex¬ 
pressed  as  a  peak  traction  value  for  left  and  right  wheels. 
The  terrain  conditions  and  the  average  and  standard 
deviation  for  each  data  set  are  summarized  in  Table  2. 

To  pool  the  standard  deviations,  the  data  should  first 
be  checked  for  homogeneity,  a  measure  of  the  similarity 


of  the  standard  deviations,  assuming  that  the  value  of 
the  standard  deviation  is  similar  for  all  data  sets  (or 
terrain  conditions).  A  range  test  is  used  to  show  that  the 
data  are  indeed  homogeneous.  A  brief  explanation  and 
the  calculations  for  the  range  test  are  shown  in  Appen¬ 
dix  A  along  with  the  test  data. 

From  eq  3,  a  pooled  standard  deviation  can  be 
calculated  and  used  to  examine  our  experimental  de¬ 
signs  and  evaluate  the  probability  of  experimental  suc¬ 
cess.  The  pooled  standard  deviation  for  the  traction 
coefficient  is  0.02S.  (The  relative  standard  deviation,  or 
coefficient  of  variation,  is  6%.)  This  standard  deviation 
encompasses  variability  due  to  terrain,  and  the  influ¬ 
ence  of  changing  environmental  conditions  on  the  ve¬ 
hicle  instrumentation  and  data  acquisition  (i.e.,  repro- 
ducibUity).  This  value  is  generally  adequate  because  the 
effect  of  changes  in  terrain  is  much  greater  than  this,  as 
in  the  case  shown  in  Figure  la. 

Similarly,  we  can  calculate  the  standard  deviation  of 
resistance  data.  Table  3  shows  the  rolling  resistance  on 
the  same  stretch  of  asphalt  road  measured  on  different 
dates  using  the  same  tire.  Two  inflation  pressures  are 
used  and  the  mean  and  standard  deviation  are  calculated 
for  each  inflation  pressure.  The  mean  and  standard 
deviation  are  actually  the  mean  and  standard  deviation 
of  the  average  resistance  calculated  from  each  test.  The 
bottom  half  of  the  table  contains  resistance  values 
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Table  2.  Standard  deviation  from  traction  tests  performed  on  a  variety  of  terrain  conditions. 

The  values  are  based  on  an  average  of  peak  traction  for  a  number  of  tests  at  each  condition.  The  complete  data  set  is  given  in 
Appendix  A. 


Peak  traction 


Average  Standard  deviation 

Date  -  - 


1987 

Conditions 

Uft 

Right 

Uft 

Right 

No.  of  tests 

3/12 

Dry  soil,  15  psi 

0.542 

0.548 

0.024 

0.036 

9 

3/12 

Dtysoil,  IS  psi 

0.573 

0.624 

0.010 

0.025 

4 

3/13 

Lt  rain  on  soil,  15  psi 

0.530 

0.520 

0.014 

0.021 

5 

3/13 

1/16  in.  rain  on  soil,  IS  psi 

0.608 

0.595 

0.025 

0.023 

5 

3/17 

Dry  soil,  IS  psi 

0.728 

0.720 

0.023 

0.040 

6 

3/17 

Dry  soil,  26  psi 

0.697 

0.701 

0.035 

0.026 

6 

3/17 

Dry  soil,  26  psi 

0.730 

0.727 

0.018 

0.025 

6 

3/19 

7  in.  snow,  26  psi 

0.289 

0.281 

0.038 

0.041 

6 

3/19 

7  in.  snow,  15  psi 

0.279 

0.307 

0.023 

0.031 

5 

3/19 

10  in.  snow,  IS  psi 

0.319 

0.272 

0.024 

0.017 

6 

3/19 

11  in.  snow,  IS  psi 

0.321 

0.219 

0.031 

0.016 

6 

3/21 

6  in.  snow,  IS  psi 

0.412 

0.439 

0.014 

0.035 

5 

3/21 

6  in.  snow,  26  psi 

0.393 

0.350 

0.022 

0.012 

8 

3/21 

Slushly,  26  psi 

0.696 

0.689 

0.015 

0.020 

4 

3/21 

Slushly,  IS  psi 

0.664 

0.658 

0.018 

0.034 

4 

Sum  of  both  wheels 

4.234 

85x2 

C 

0.025 

Relatives,^ 

6% 

obtained  using  a  rolling  calibration  method,  which  will 
be  discussed  in  more  detail  later. 

In  addition,  since  resistance  is  generally  expressed  as 
an  average  value  of  resistance  measured  over  a  certain 
distance  (rather  than  a  peak  of  a  curve  as  in  traction)  we 
can  also  calculate  a  standard  deviation  for  each  resistance 
test  (rather  than  requiring  a  set  of  tests).  Since  a  resis¬ 
tance  test  usually  contains  over  1(X)  individual  mea¬ 
surements  (based  on  the  data  acquisition  rate  of  10  per 
second),  there  is  enough  information  to  get  a  good 
estimate  of  the  standard  deviation  (repeatability)  of  the 
measurement  (Sy).  The  standard  deviations  of  resis¬ 
tance  measurements  were  calculated  for  many  different 
experimental  conditions  and  are  given  in  Table  4. 
Standard  deviation  calculated  in  this  way,  however, 
does  not  include  variability  caused  by  recalibrating  the 
test  equipment  or  drift  in  the  measurements  occurring 
over  time  since  each  test  takes  only  a  very  short  time. 
Rather,  it  reflects  the  repeatability  of  the  measurement 
and  the  variability  of  the  terrain  over  the  surface  mea¬ 
sured.  h:  general,  the  high  resistance  measurements 
have  ahigher  standard  deviation.  Of  course,  this  depends 
on  the  lateral  uniformity  of  the  terrain  and  on  the 


roughness  of  the  terrain  surface.  Because  of  this,  the 
lowest  standard  deviations  are  for  hard  surface  rolling 
resistance  measurements  taken  on  a  smooth  asphalt 
road,  whose  standard  deviations  are  of  the  same  order  of 
magnitude  in  both  Tables  3  and  4. 

The  standard  deviations  shown  in  Table  4  cover  a 
wide  range  and  most  are  adequate  for  detecting  large 
effects  over  a  large  range  (Fig.  lb).  But  for  evaluating 
the  effects  of  variables  that  have  a  smaller  effect  on 
resistance,  either  the  range  of  the  variable  must  be 
increased,  the  number  of  replicates  increased,  or  the 
standard  deviation  decreased,  as  indicated  in  eq  2.  The 
remainder  of  this  report  concentrates  on  decreasing  the 
standard  deviation  (improving  the  precision)  of  our 
mobility  measurements  in  order  to  examine  the  effects 
of  some  of  these  other  terrain  variables. 


SYSTEMATIC  ERRORS 

To  reduce  the  experimental  error,  the  test  technique 
must  be  improved  by  finding  and  eliminating  system¬ 
atic  and  random  errors  in  the  data.  Aside  from  the 
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Table  3.  Comparisoa  of  hard  suifnce  rolling  resistance  measurements. 

All  data  aie  for  die  jame  tiie  at  two  different  inflalion  pressures.  The  top  of  the  table  lists  data  obtained  from  a  standard 
static  calibration  and  the  bottom  half  lists  data  Grom  a  tolling  calibration. 

Average  resistance  (static  calibration) 


26psi  ISpsi 


Test 

Left 

Of 

Right 

Ibf 

Test 

Left 

Ibf 

Right 

Ibf 

0606D 

-10.5 

-53 

03151 

-43.7 

-46.9 

OdOffi 

-13 

-53 

0316J 

^5.9 

-49.0 

0606F 

-11.7 

-6.3 

0610M 

-38.5 

-44.7 

0610A 

-1Z6 

-17.0 

0610N 

-37.1 

^2.6 

0610B 

-13.2 

-18.4 

06100 

-35.8 

-39.5 

0610C 

-IZS 

-189 

0719Y 

-35.8 

-27.9 

0720A 

-16.8 

-15.1 

07192 

-36.5 

-26.3 

0720B 

-I5Z 

-16.2 

0720Q 

-35.5 

-27.2 

mine 

-19.0 

-14.5 

0720S 

-34.2 

-27.2 

0720T 

-29.6 

-28.6 

Number  of 

observadons 

9 

9 

— 

10 

10 

Mean 

-13.2 

*3.0 

— 

-213 

-36.0 

Standard 

deviation 

3.5 

5.7 

— 

4.6 

9.4 

Average  resistance  (rolling  calibration) 

26  psi 

15  psi 

Left 

Right 

Uft 

Right 

Test 

Uf 

ibf 

Test 

Ilf 

ibf 

U03A 

0.0 

-\2 

11051 

-29.0 

-16.7 

1107A 

1.6 

2.9 

1105J 

-24.7 

-20.3 

11  ISA 

^.1 

-1.9 

1216N 

-35.3 

-20.4 

1116A 

-4.7 

-l.l 

1223L 

-27.7 

-30.7 

ni7A 

-2.6 

-3.8 

1224F 

-35.4 

-21.6 

1120A 

1.8 

3.8 

1226F 

-25.2 

-19.7 

1107H 

-24.5 

-22.9 

lllSH 

-31.9 

-23.9 

1116G 

-21.5 

-14.8 

1117F 

-24.2 

-24.1 

Number  of 

observations 

6 

6 

— 

10 

10 

Mean 

-U 

-OZ 

— 

-27.9 

-21.5 

Standard 

deviation 

Z9 

2.9 

— 

4.9 

4.4 
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Table  4.  Standard  deviation  of  resistance  data  measured  for  many  different  experimental  conditions. 

Each  standard  deviation  is  based  on  one  test  containing  many  (over  100)  data  points.  (Snotv  data  obtained  during  study  by  Richmond  et  ai.  1 99 1 ,  thawing 
soils  data  obtained  from  Shoop  1989  and  1990.) 


Average  Standard  deviation 

m  m 


Test  no. 

Conditions 

Calibration 

Tire 

type 

Tire 

psi 

L 

R 

L 

R 

0719Y 

Asphalt 

Static 

A 

15 

-35.8 

-27.9 

4.8 

6.1 

0302D 

Asphalt 

Static 

C 

60 

-44.0 

-61.7 

7.8 

6.9 

0117E 

Hard  pack  snow 

Su  ic 

A 

IS 

-57.1 

^.6 

24.3 

10.6 

0117A 

Hard  pack  snow 

Suitic 

A 

26 

-12.6 

-11.8 

22.5 

13.9 

01171 

Groomed  snow  road 

Static 

B 

20 

-40.3 

-31.0 

31.1 

14.2 

0117A 

Groomed  snow  toad 

Static 

B 

34 

-10.4 

-19.7 

17.7 

16.1 

0118A 

3  in  snow 

Static 

A 

26 

-26.0 

-37.9 

9.3 

10.7 

0118C 

3  in  snow 

Static 

D 

36 

-36.3 

-35.7 

19.4 

18.6 

0118B 

3  in  snow 

Static 

C 

60 

-25.9 

-22.0 

15.2 

8.1 

0301V 

4  in  snow 

Static 

B 

34 

-123.8 

-118.3 

32.3 

26.5 

03014 

4  in  snow 

Static 

B 

34 

-138.3 

-164.1 

41.7 

47.0 

0119C 

Sin  snow 

Static 

D 

26 

-49.8 

-63.4 

19.6 

31.8 

0119A 

5  in  snow 

Static 

A 

26 

-68.4 

-24.9 

29.8 

10.6 

0119B 

S  in  snow 

Static 

C 

60 

-33.1 

-1.7 

12.6 

9.9 

0301* 

6  in  snow 

Static 

B 

20 

-148.7 

-157.4 

41.2 

54.3 

0120A 

6.7  in  snow 

Static 

D 

26 

-61.7 

-70.2 

45.1 

44.5 

0301E 

7  in  snow 

Static 

A 

26 

-172.8 

-161.1 

34.7 

26.6 

03021 

7  in  snow 

Static 

C 

60 

-186.3 

-149.4 

42.4 

38.7 

0302H 

7.8  in  snow 

Static 

C 

60 

-208.3 

-193.1 

72.7 

64.7 

0301 M 

7.9  in  snow 

Static 

A 

26 

-211.1 

-190.9 

31.2 

27.1 

0301L 

8.3  in  snow 

Static 

A 

26 

-188.7 

-199.1 

35.7 

53.5 

0301F 

8.7  in  snow 

Static 

A 

15 

-185.9 

-188.9 

37.3 

35.4 

0120C 

8.7  in  snow 

Static 

A 

26 

-95.9 

-112.3 

65.9 

41.3 

0302E 

9  in  snow 

Static 

C 

60 

-252.4 

-260.3 

91.7 

83.0 

0301 P 

9.5  in  snow 

Static 

A 

26 

-224.0 

-218.5 

39.7 

30.0 

0302C 

10  in  snow 

Static 

C 

60 

-130.1 

-252.6 

29.3 

39.6 

0120B 

12  in  snow 

Static 

C 

60 

-127.5 

-123.4 

55.8 

43.0 

0719V 

1  in  thawed  sand 

Static 

A 

15 

-40.5 

-37.1 

33.0 

26.6 

0719N 

1  in  thawed  sand 

Static 

A 

26 

-40.6 

-23.5 

36.1 

34.1 

0510J 

3.5  thawed  sand 

Static 

A 

15 

-42.8 

-34.8 

28.4 

24.3 

05  IOC 

3.5  thawed  sand 

Static 

A 

26 

-39.3 

-23.2 

34.1 

33.8 

IIOID 

Asphalt 

Rolling  @26  psi 

A 

15 

-28.1 

-24.2 

3.1 

3.7 

1115A 

Asphalt 

Rolling  @26  psi 

A 

26 

^.1 

-1.9 

3.8 

3.2 

1108A 

Asphalt 

Rolling  @35  psi 

A 

35 

6.3 

-4.7 

6.5 

5.7 

1115L 

1/2  thawed  sand 

Rolling  @26  psi 

A 

15 

-42.9 

-38.7 

24.0 

16.9 

lllSB 

1/2  thawed  sand 

Rolling  @26  psi 

A 

26 

-24.7 

-14.6 

36.1 

33.0 

1216G 

3.5  in  thawed  sand 

Rolling  @26  psi 

A 

15 

-137.2 

-143.5 

78.0 

68.7 

1116B 

3.5  in  thawed  sand 

Rolling  @26  psi 

A 

26 

-14.6 

-4.7 

40.9 

23.5 

1216B 

3.5  in  thawed  sand 

Rolling  @26  psi 

A 

26 

-176.6 

-136.2 

98.9 

84.5 

0327B 

3.5  in  thawed  sand 

Rolling  @26  psi 

A 

26 

-28.0 

-30.8 

33.2 

32.6 

0327B 

7  in  thawed  sand 

Roiling  @26  psi 

A 

26 

-40.2 

-42.6 

27.3 

34.9 

0327H 

12  in  thawed  sand 

Rolling  @26  psi 

A 

26 

-113.9 

-132.0 

52.0 

49.0 

1108M 

1  in  thawed  silt 

Rolling  @35  psi 

A 

IS 

-27.7 

23.7 

17.0 

16.8 

1108B 

1  in  thawed  silt 

Rolling  @35  psi 

A 

35 

-7.3 

-7.1 

20.6 

20.0 

1113S 

4  in  thawed  silt  trafficked 

Rolling  @35  psi 

A 

15 

-69.0 

-41.9 

48.6 

42.4 

1113L 

4  in  thawed  silt  trafficked 

Rolling  @35  psi 

A 

26 

-32.8 

-26.0 

41.9 

36.7 

1113E 

4  in  thawed  silt  trafficked 

Rolling  @35  psi 

A 

35 

-76.5 

-33.2 

33.1 

31.4 
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variability  in  the  terrain  itself,  some  variability  in  the 
data  appears  to  be  associated  with  the  calibration  of  the 
vehicle.  Scatter  in  the  vehicle  zero-load  values,  causing 
day-to-day  variability  in  the  readings,  was  identified 
during  vehicle  calibration  checks.  Since  then,  several 
tests  were  performed  on  the  vehicle  to  isolate  and 
reduce  the  cause  of  scatter  in  the  data.  Initially  these 
tests  were  extremely  iriistrating  because,  while  I  was 
trying  to  isolate  one  factor,  other  (unknown)  factors 
were  confounding  the  results.  After  a  great  deal  of  time 
and  effort  several  sources  of  systematic  experimental 
error  (static  wheel  alignment,  temperature,  speed,  and 
slight  variations  in  weight  distribution)  were  identified. 
Although  the  effects  of  of  these  parameters  are  within 
the  limits  of  accuracy  needed  for  some  test  programs, 
iheir  combined  effects  can  be  large  enough  to  be  det¬ 
rimental  to  other  experiments  (such  as  motion  resis¬ 
tance  in  shallow  snow).  Therefore,  several  experiments 
were  performed  to  evaluate  the  nature  of  the  effect  of 
these  variables  and  to  determine  how  to  eliminate  or 
correct  them. 

Vehicle  calibration  method 

The  most  elusive  variability  in  the  data  was  from 
changes  in  the  load  cell  readings  while  zeroing  the 
horizontal  forces  of  the  load  cell  from  one  test  to  the 
next.  Ideally,  the  zero  readings  of  the  horizontal  forces 
should  be  repeatable,  for  a  given  tire  type,  since  we 
follow  the  same  procedures  each  time  we  calibrate  the 
vehicle.  This  variability,  however,  could  not  be  elimi¬ 
nated  even  when  a  maiked  location  on  the  tire  was  rolled 
to  the  same  location  on  a  flat  concrete  surface  and 
resting  on  the  same  spot  on  the  tire  circumference  (with 
vehicle  weight  and  temperature  held  constant).  In  retro¬ 
spect,  these  inconsistent  zero  horizontal  load  readings 
are  believed  to  be  caused  by  slight  changes  in  the 
position  of  the  tire  and  suspension  system  (slight  devia¬ 
tion  from  vertical  or  parallel,  i.e.,  toe-in,  camber  and 
castor)  each  time  the  vehicle  rolls  to  a  stop. 

Since  the  horizontal  force  readings  for  zero  load 
were  not  repeatable  with  the  current  calibration  method, 
other  calibration  methods  were  developed.  Three  meth¬ 
ods  of  vehicle  calibration,  termed  “air,”  “rolling  or 
dynamic,”  and  “static,”  were  analyzed.  The  static  cali¬ 
bration  is  the  original  calibration  method  (described 
earlier)  where  the  horizontal  forces  are  zeroed  while  the 
vehicle  is  motionless  after  it  had  been  rolled  back  and 
forth.  For  the  rolling  calibration,  the  horizontal  forces 
on  the  load  cell  are  read  while  the  vehicle  is  rolling 
slowly  (1  mph)  on  a  hard  level  surface,  and  this  is  used 
as  the  zero  value  or  datum.  The  air  calibration  refers  to 
zeroing  the  horizontal  channels  while  the  front  end  of 
the  vehicle  is  jacked  up  with  the  wheels  in  the  air.  After 
the  vehicle  is  Jacked  up,  the  wheels  are  spun  and  the 


suspension  is  allowed  to  settle.  The  zero  value  is  read 
after  the  wheels  have  stopped. 

To  compare  the  different  calibration  schemes,  10 
calibra'icns  of  each  type  (static,  rolling,  and  air)  were 
performed.  All  calibrations  were  performed  in  a  ran¬ 
dom  order  within  two  hours,  to  reduce  outside  influences 
(primarily  temperature,  as  calibrations  were  performed 
outdoors).  Temperature  on  opposite  sides  of  each  load 
cell  as  well  as  at  various  places  around  the  inside  and 
outside  of  the  vehicle,  were  recorded  and  thermocouples 
were  read  periodically  throughout  the  experiment.  The 
entire  test  sequence  was  duplicated  by  other  personnel 
the  following  day.  The  calibration  values  obtained  for 
each  of  the  tests  are  presented  in  Appendix  B. 

The  zero  readings  for  all  calibrations  are  listed  in 
Tables  S  and  6.  Table  5  contains  the  data  taken  on  18 
October,  separated  by  calibration  type  (air,  rolling  and 
static),  and  similarly  Table  6  summarizes  the  zero 
readings  from  19  October.  All  values  listed  are  digital 
output  from  the  data  acquisition  equipment,  not  scaled 
into  force  units.  (Scaling  factors  are  not  affected  by  the 
zero  values,  and  they  are  included  in  the  compilation  of 
the  calibrations  in  Appendix  B.)  The  average,  standard 
deviation  and  range  are  computed  for  the  zero  values  of 
each  channel  for  each  calibration  type.  The  time  of  each 
test  and  the  thermocouple  readings  on  the  load  cells  are 
also  listed. 

The  precision  of  the  calibration  methods  can  be 
evaluated  by  comparing  the  standard  deviation  of  the 
zero  readings  for  each  calibration  method.  The  standard 
deviations  for  each  channel  are  plotted  on  the  bar  charts 
shown  in  Figures  6  (18  October)  and  7  (19  October). 
The  following  generalizations  can  be  made  from  these 
graphs: 

1 .  In  nearly  all  cases,  the  rolling  calibrations  are  more 
consistent  than  the  other  calibrations  (the  standard 
deviation  is  lower). 

2.  The  side  channels  on  each  load  cell  (LS  and  RS) 
have  the  highest  standard  deviations. 

3. The  air  calibration  was  noticeably  worse  on  18 
October  than  on  19  October, 

4.  On  19  October  the  calibration  of  the  velocity 
sensors  (Lvel,  Rvel,  SONIC,  5th)  varied  significantly 
more  than  on  18  October  ,. 

Each  of  these  observations  is  addressed  individually 
below. 

1.  For  nearly  all  cases,  the  rolling  calibration  yields 
the  best  repeatability  (has  the  smallest  standard  devia¬ 
tion).  It  is  more  consistent  from  test  to  test  becau.se  the 
running  gear  is  moving  and  thus  averages  any  position- 
oriented  bias  suspected  of  being  the  cause  of  error  in  a 
static  calibration.  As  it  is  essentially  a  hard  surface 
resistance  test,  this  type  of  calibration  is  not  suitable  if 
a  measure  of  total  motion  resistance  is  desired.  How- 


10 


Nom  ^r; 


—  5^  “:  9  *N  '*; 

S!as)2:s28 


On 

O'  ^ 

id  ^  ^ 


f -4  vO  O  *<1  O 

2>iS:2S2:S- 


r'OoqO'r*.  ^C>  ©i'O 


f'^Ovpr**.  oop 

r#i'd*or^f^'0^  ^fs 


v^  <n  oc  p  '-M'*:  p 
tn  «  «  c>  o  o  O' 
j:  ^  fs4  <s  Cl  — 


v>inp<sp*^p 
fnvS'd'OOoc^  ^04 


O't^^'^'-ON'OP  pp 

S'"  Sci 


C'l  V%  P  P  <N  '^. 

O'  «  r^’  2  o  22  2i 


r^t^oo'^f'i^*  pM 


«n  »A  O'  *“1  p  > 
O'  O'  c4  P  p  ’ 
s,  S-  c,  ?5  <M  < 


f<^  I-*  r^ 

-J  c4  O'  >n 

<s  —  fS 


p  m  O'  Oj  ''} 

o  O'  cj  cn  rj  rfi 
O'!  cs  ri  ri  C4 


O'  00  ^  r*  ’«t  5$  $2 
—  »A  M  cn  ^ 
O  o  ^  N  <N  M 


i§=BS5S 


f*^  p  r^  r*-  ^  Ci 

rn  ^  S 


f*^  00  c.  p  (»'  p  p 
00  oa  O'  O  O  O'  O 


"t' 

SSSSS3S  3’ 


^  Oj  p  *-^  p  p 
O'  ^  O'  O  O  O'  c 


oo  o— 


oooO'C40'^r^ 


—  o  ro  O'  n  f'j  ^ 

d  -i  —  d  ~ 


O'noop  —  pp  pp 
r^r^r»r^oooooo 


p  p  p  -*.  p  p  'J;  P 

dc4c>if^'^f^"“  C!:>® 
r^r»p^t~»r'*r^r'*  ^ 


0'f*if*^0*f^*1lP  P  P^ 

t^(»ocr^222SS  — ®  *22 


o  O'  O'  ''t  O'  p 

^’  d  ^  *“  ® 

r>.  00  00  i>  00  00  vn 

'?7T'7'?'i"T' 


00  00  p  p  oc  p 

-il  m  rn  --  d  2i  !Q 

v'  ^  ^  v%  m  '<t  ■«f 
^  ^  T  ^  ^ 


p  f“i  P 

irl  «  «  S  »  2  ^ 

777t 7tT 


^  V.  ^ 
o  .2  -S 
fc  ^ 

V  (0  (/) 

N  a  s 

w3  C  “ 

«  S  -S 
3  —  = 

§ 


rn  <N  — ^  —  p  p  p 
'd  d  O'  d  —  'o 

7777777 


r-  00  o  p  00 

p  -.;  rn  r;  p  t 
oo  o  o  o  e  o  o 

sp  r ,  r^  c*  r;*  fT-  r^ 


—  o  <N  —  p  p  p 
O'  d  d  d  d  o  d 


ro  *—  p  p  p 

d  vS  d  00  <N  VO 
*<5  ^  ^  ^  VI  O' 

77777 t7 


VO  ^  p  p  --  p 
4-^  O'  •—  c4  rn  "7 

77777  ,  7 


‘C  C'i  t*^  "  P 

ej^rtro-^cScn'rf 

rScpcj'Gj'C^aj'CNCj' 

c3 

■|<Q3:-Zmh 


00  O  p  p  p  p  p 

Cl  C'i  d  «  O'  O' 
cinc^N  —  '—  — 

21.07 

1.9 

18.5 

24.8 

OC  P  O'  p  p  p  P 
d  t  ‘  «r*  d  d  m 

Cl  ('I  en  ^  fn 

38.01 

7.6 

00  p  «  p  'O  p  p 

d  o6  oc  p  p  ci  d 

O  O'  O'  o  o  o  — 

7777777 

^  90 

gen 

-710.7 

-698.8 

-O  m  ac  tt  O'  oo 

ssssgss 

7777777 

n 

m  m 

S 

7 

»—  ^  C7  O'  r*7  p 

S  3  S  vS  S  S  ^ 

S  ir. 

3^ 

P  P 

rO  ^ 
vO  'O 

00  o  en  00  m  p  p 

O'  d  d  O'  d  c  C5 

■*T 

nJ  -iT 

o  o 

c>  w  .««  m  'O  O' 

SSSSSBS 

7^77777 

5^  «- 
3^*' 

t 

p  p 

S  O 

77 

in  p  p  p  p  p  *“ 
Cl  en  00  O'  d  •r  i? 
d  —  Cl  'n  m  P  O' 

'T  'T  "T 't  'T  "f  ^ 

fT 

C 

r*  r*7 

m  m 

7 

OO  vO  v©  iA  p  p 

wS  O'  O'  d  00  d 

in  w7  vj>  '<p  vj' 

S  r" 

O' 

m 

1 

m  oo 
-*  m 

77 

cc  p  p  p  p  p  p 

1  t  ^  I  T' 

O' 

p  P 
r4  <n 

7 

c 

2 

2 

2 

•O«j-0O00O''Cpp 
in  Cl  ri  c4  p  rj  p 
r^-^ia-rr 

’'i^a'ppppPP 
oc  1  1  1  <  '  *  * 

•5 

i§UWU.O^-JO 

r- 

cn  O' 
rn  d 

"T 

^-o 
<  00 

Mm  -94.'..4 
Max  -942.5 

So'doOTfrnpfn 

*5  d  ^  <  i  Ci  3  2  ^ 

Oi'777'^'77 

1  1 

i  ^  B  -,  s  9-  ax  H 

O  p 
m  •— 

-rt 

C\ 

00 

>  ^ 
<  00 

11 


s 

B 

3 


0^  o 

00  H 

9  i 

oT  S 

i| 

u  o 

O  s 

a  s 
o  § 
a  « 

I 

II 

■£> 

O  a 

'■a  H¬ 


o  "s 

11 

S  o 

*  c 
4»  .5 

«  § 

g  s 

*W  s 

!c  < 

¥  T3 

*0  3 

II 

II 

S  ts 

ii  -S 

.11 

at  *3 

P 
-  ^ 
o  ^ 

g^.i 

8  ” 

M  ^  4> 

•fl  ft- 


•M  S? 

S  S-8 

^  M  e: 
Q  U 

•SI  § 

lii> 

21--S 

g  -e  e 
b  i  I 
N  8  I 

«  1  JL 
S  ^  S 

08  *5  *0 
H  f2  i 


I 


U  (j 

u 

§  > 


Cr  *5 


ft:  ^ 


•^:s 


Oc 

I  § 


00  00 

00  «r3  vd  C5  <*1  t*S 'd 
—  fM  CM 

16.32 

4.2 

13.8 

23.2 

<M  C<»  »n  <S  O 

d  jd  S  ON  d  ^  ^ 

17.57 

1.7 

15.3 

20.7 

On  On  00  00  CM  NO  rf 
to  d  -M-*  d  d  d  CO 

15.80 

1.6 

13.4 

17.6 

^  <s  r»  ^  «r» 
vS  o r*  00 

'O 

O  00 

CM  P  (O  p  On  P 

fd  <d  d  d  00 

15.91 

1.9 

p  P 
to  00 

p  p  p  p  ^  p  ^ 

00  o  *-<  CO  NO  C'* 

13.97 

2.9 

o  p 
od  t"* 

1^  Ok  VJ  ^  0\  0^ 

vS  o  ^  t^  NO  o  «o 

14.79 

4.6 

On  f*l 

O  ON 

p  p  CO  p  p  p  p 

cd  cd  d  00  K  K  00 

Ro 

NO  CM 

p  p 

CO  00 

p  p  p  p  p  p  p 

00  d  CM  CO  ’Ni^  NO  oe 

CO  CO 

p  p 

od  ee 

00  00  00  00  o^  r<) 

D  I***  Ov  On  On 

•M  M  CM  ^ 

16.79 

5.3 

13.8 

21.8 

CO  NO  o  O  fO  CM 

l-^  d  On  ^  On  00 

^  M  CM  CM  ^  ^ 

18.93 

1.6 

16.6 

21.1 

^  so  C"  O  t'*  p  p 
d  'tf  d  d  d  00  00 

15.81 

2.9 

^  p 
d  od 

cn  i/j  v)  nc  o 

v>  NO  fo  vd  <M  ci 

r4  M  <M  C<  <M 

19.76 

6.3 

16.9 

26.5 

p  4M  CO  p  to  CM  p 
d  d  cd  d  d  cd  « 

<M  CM  <S  C4  CM  CM 

22.79 

1.8 

p  to 

O  NO 

CM  CM 

p  p  p  p  p  «  p 
d  oo  d  d  d  P 

CM  CM  CM  CM 

18.90 

3.7 

10.3 

21.8 

i2§Si«Q!5!  = 

o  O  —  ^  ^ 

NO  On  CO  NO  O  »0  to 

NO  NO  ♦-•  NO  NO  O 

o  O  —  CM 

CM  00  CM  Os  O  00  O 

88332=8 

<A  rA  r^ 

3.72 

5.0 

r* 

7*^ 

^  p  p  CM 

On  oo  r*3  00 

d  iO  NO  NO  NO  NO  *0 

60.03 

3.4 

CM  p 

00  p  NO  p  p  p  p 
^  d  csj  td  d  d  NO 

3.13 

3.8 

00  00 
7'^ 

•“*  rn  On  «n  O  00 

O  'd  00  00  On  r-^ 

5.09 

5.0 

m  o 

d  On 

NO  p  »  p  "j 

d  d  1"^  00  o6  On  d 

7.94 

1.3 

p 

d  d 

to  NO  CM  CO  p  p 

CM  '«t  d  d  00  00 

4.66 

3.8 

CO  CM 

t^  od 

NO  ^  (r>  00  00  O  C4 

— *  ^  5  12 

12.33 

5.2 

7.4 

16.0 

O  CM  NO  O  NO  p  CM 

vd  d  oc  d  d  d  d 
p  ^  NO  NO  f'*  'o 

63.70 

3.1 

66.0 

75.5 

—  p  p  p  p  p  p 

cd  d  d  d  2  iQ  2 

11.64 

4.0 

3.1 

15.4 

rv:  cs  rs  ON  -*;  r*  o 
«-C  --jf  o  .-I  ri  o  oi 
00  cc  00  00  00 

rji  <Y  ^  ^  ^  T 

-378.90 

4.1 

-382.1 

-374.2 

NO  f';  CO  p  t-»  p  p 

d  d  o6  o6  «  (d 
^  ^  ^  to  ■Nj-  NA  NO 
fO  c^  *0  CO  CO  r:i  ro 

1  1  <  1  1  i  1 

-346.61 

5.0 

-353.5 

-338.8 

r*  OO  ^  Tj-  go  On  P 
o;  d  cd  d  d  o 

VO  r*  r'*  ntj  CM  p  r" 

77777T7 

-380.74 

21.1 

-420.8 

-353.4 

NO  r-  00  NO  r''  o 
O  rn  o  d  C5  cd  0\ 

1  7  7  T  7  n*  7 

-31.96 

3.7 

p 

CO  ^ 

77 

CM  00  NO  p  NO  p  p 
OO  d  ON  ^  OO  —  CM 
M  ^  M  CM  CM 

On 

p  NO 

go  'M 

14.0 

22.0 

o  ^  p  p  p  p  p 

o6  d  od  go  CM  d  d 
—  CO  CM  CM  CM  to  CM 

28.30 

6.8 

18.0 

39.5 

<n  r*  Nc  o6  ^ 

d  --  NO  d  Nn  >0 

OO  OO  On  ON  C>  On  O' 

^  ^  N^  N<p 

«*• 

1-.  On 
<N  m 
ON 

7 

^  r- 
\d  d 

On  W 

77 

NO  to  O  O  oo  p 
d  On  d  d  d  d 

eo  OO  Cn  0>  On  On  On 

N^  N^  N^  Mp  'O  ^ 

-693.37 

3.0 

-696.6 

-689.4 

NO  O  p  p  "Nt  ^ 
d  d  od  d  CM  CM  d 
OO  00  00  ^  On  On  p 

NCp  NCp  N(p  N4^  NJj)  N^  Vtp 

-690.13 

3.1 

-695.4 

-686.4 

r4  oc  NO  p  00  p  p 
N/j}  Cp  vd  00  H  oc  S 

4.34 

5.2 

-0.8 

8.0 

p  ON  P  p  P  p 

d  go  CM  d  K  CM  r-^ 
NO  N4<  NO  NO  NO  '.5  NO 

60.81 

3.4 

NO  t- 

d  d 

NO  NO 

CO  CO  O  CO  CO  00  to 
Tj^  d  d  tt  d  d  d 

3.81 

4.0 

to  00 

7'^ 

O  Os  ON  »n  fO  t"- 

RsiSRsiiss 

7777777 

-447.34 

7.5 

-455.7 

-435.9 

-399.0 

-403.7 

-400.6 

-412.5 

-399.3 

-411.7 

-404.1 

-404.41 

5.2 

NO  O 

285 

77 

NO  O  CO  O  00  p  p 
cd  d  d  -Nt  Tf  d  d 
Os  On  —  00  r-*  NO  ^ 

7777777 

-419.90 

30.2 

p  p 

00 
t  ^ 

^  t'-  O  O  V7  NO  00 

'«♦  «d  wS  rn  wS 

NO  *n  W7  NTj  m  Nn  «n 

1  i  1  !  1  I  1 

-56.14 

3.5 

-55.7 

53.5 

p  ^  p  P  P  p  p 

r*^  d  d  cd  o6  CM  d 

NO  NO  NO  NO  Nn  NO  NO 

b  1  l  1  1  1  T  T 
•2 

-58.63 

2.5 

-62.1 

-53.5 

O  On  p  p  ^  p  p 

CM  d  cd  d  CM  d  CM 

7777777 

e 

-43.09 

5.0 

-52.0 

-36.0 

§«Nnpt^'^,  r^No 
'coN'ONnvdNn^^ 

|7777777 

-945.80 

1.8 

-946.7 

-944.5 

SonO^OOnnOOO 

|9’3775?7 

<37777777 

-944.19 

0.7 

-945.0 

-942.9 

'^NApppppp 

SdcMcd-^d^cd 

•37777777 

o 

-944.34 

1.2 

-946.5 

-942.6 

u 

■5<u»,SQto> 

>  V 

<  Vi 

5  OX^O.O'OSf- 

>  3 

<  CO 

Min 

Max 

O 

CoCOOUJUa^d^ 

>  3 
<  (/3 

Min 

Max 

12 


Figure  6.  Bar  graph  comparing  the  standard  deviations  of  the  zero  values  for  each  channel, 
obtained  using  the  three  calibration  methods.  Data  were  collected  on  18  October  1990. 


ever,  much  of  our  research  work  is  concerned  with  the 
resistance  due  to  terrain  deformation,  and  hard  surface 
motion  resistance  is  subtracted.  For  our  application, 
then,  the  rolling  calibration  method  is  more  consistent 
than  static  calibration  and  should  be  used  when  corn* 
paring  the  results  of  different  terrain  conditions. 

2.  The  side  channels  of  the  load  cell  consistently 


have  the  highest  standard  deviation.  This  may  indicate 
that  the  side  channels  are  more  sensitive  to  any  changes 
in  the  system  (such  as  temperature)  or  that  none  of  these 
calibration  methods  adequately  zero  the  side  load.  The 
variability  is  most  likely  caused  by  the  difference  in  the 
way  the  tire  sits  (slight  variations  in  venical  or  paral¬ 
lel)  each  time  the  vehicle  rolls  to  a  stop.  Currently,  the 


Figure  7.  Bar  graph  comparing  the  standard  deviations  of  the  zero  values  for  each  channel, 
obtained  using  the  three  calibration  methods.  Data  were  collected  on  19  October  1990. 
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THERMOCOUPLE  LOCATIONS 


1 .  Rear  9ide  of  ioft  wheel  load  cell 

2.  From  side  of  left  wheel  load  cell 
3  Rear  side  of  tight  wheel  load  cell 

4.  Front  side  of  right  wheel  load  cell 

5.  Cutsioe  cf  right  front  iendar 


6.  Outside  of  left  front  fender 

7.  Inside  vehicle,  on  top  of  data  acquisition  system 

8.  Inside  vehicle,  inside  data  acquisition  system 

9.  Inside  rear  of  vehicle 

0.  Ambient  outside  temperature  (mounted  on  mirror) 


Figure  8.  Location  of  the  thermocouples  on  the  instrumented  vehicle. 


information  ^m  these  channels  is  not  used  in  CRREL’s 
research  program  but  if  these  measurements  are  used  in 
the  future,  a  rolling  or  air  calibration  is  suggested. 

3.  The  variability  in  the  air  calibration  method  was 
surprising  but  is  most  likely  due  to  the  change  in  air 
circulation  when  the  front  of  the  vehicle  is  raised. 
Theoretically,  the  calibration  in  the  air  should  be  the 
most  consistent,  since  the  weight  on  the  load  cell  is  due 
to  the  wheel  only  and  is  not  affected  by  weight  distribu¬ 
tion  in  the  vehicle  when  in  this  position,  !n  reality, 
however,  the  load  cells  are  sensitive  to  temperature,  and 
when  the  vehicle  is  jacked  op  the  load  cells  are  exposed 
to  greater  air  circulation  and  wind  action.  During  nor¬ 
mal  vehicle  operation,  the  air  from  around  the  engine 
warms  the  load  cells.  When  the  front  end  is  jacked  up, 
the  air  flow  is  disturbed  and  the  temperature  at  the  load 
cells  changes.  The  effects  of  temperature  ate  studied 
more  closely  in  the  next  section  . 

4.  The  last  item  of  discussion  regards  the  increase  in 
the  standard  deviations  on  19  October  as  compared  to 
18  October .  Fotticularly  striking  (Fig.  6  and  7)  is  the 
large  increase  in  the  standard  deviation  of  the  velocity 
channels  even  though  the  vehicle  was  motionless  dur¬ 
ing  the  zero  readings  of  the  velocity  channels  for  the 
static  and  air  calibrations.  Again,  the  reason  for  this  is 
likely  to  be  changing  temperature.  On  18  October  the 
vehicle  was  running  for  at  least  one  hour  before  the 
testing  began.  On  19  October,  the  vehicle  was  on  for 
only  15  minutes  before  testing  began.  It  is  possible  that 
temperature  at  the  electronics  inside  the  vehicle  or  at  the 
load  cells  on  the  vehicle’s  wheels  had  not  yet  stabilized 
on  the  19th.  This  can  also  be  seen  in  the  data  in  Table  6. 
The  effects  of  temperature  are  more  thoroughly  dis¬ 
cussed  below.. 


Temperature 

Although  the  load  cells  on  the  CIV  ate  temperature 
compensating,  this  compensation  is  not  designed  to 
cover  the  wide  temperature  ranges  to  which  the  load 
cells  are  subjected  during  cold  regions  mobility  testing. 
This  does  not  mean  that  the  load  cells  are  not  suitable  for 
resting  in  this  environment,  but  rather  that  they  must  be 
closely  monitored  and  should  be  calibrated  at  the  tem¬ 
perature  of  the  test  and  rechecked  often  if  the  test 
environment  is  changing.  From  experiments  performed 
to  evaluate  the  sensitivity  of  the  load  cells  and  the  cause 
of  the  scatter  in  the  data,  we  have  collected  information 
regarding  their  behavior  during  temperature  changes. 

The  sensitivity  of  the  load  cells  to  temperature  was 
first  tested  in  the  laboratory  by  applying  heat  to  the  load 
cell  with  a  heat  gun  while  reading  the  load  cell  output. 
The  heat  gun  caused  both  a  bulk  temperature  change  as 
well  as  a  temperature  gradient  across  the  load  cell..  The 
load  cell  output  changed  rapidly  as  the  heat  was  applied 
and  removed.  Because  of  the  large  effect  of  tempera¬ 
ture,  the  vehicle  and  load  cells  and  other  parts  of  the 
vehicle  were  instrumented  with  thermocouples  for  a 
more  thorough  study.  Two  thermocouples  were  placed 
on  each  load  cell,  one  in  front  and  one  to  the  rear,  to 
monitor  the  temperature  difference  across  the  cell.  Six 
additional  thermocouples  were  placed  throughout  the 
vehicle  as  indicated  in  Figure  8. 

The  data  obtained  during  the  calibration  schemes 
discussed  earlier  were  analyzed  for  the  effect  of  tem¬ 
perature.  Figures  9  and  10  show  the  ambient  air  and  load 
cell  temperature  as  a  function  of  time  for  the  test  series 
on  18  and  19  October,  respectively.  Both  figures  show 
a  drift  in  temperature  with  time..  Since  the  load  cells 
located  at  the  wheel  axle  are  sensitive  to  temperature. 
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Figure  9.  Temperatures  measured  at  the  load  cells  and  the  ambient  temperature 
measured  on  18  October . 


the  temperature  around  the  instrumentation  both  inside 
and  outside  of  the  vehicle  ncus;  stabilize  before  calibrat¬ 
ing  and  testing.  The  heat  from  the  engine  circulates 
around  the  wheels  and  it  takes  some  time  after  the 
engine  is  turned  on  before  the  temperature  of  the  engine, 
vehicle,  load  cells  and  velocity  sensors  stabilizes.  From 
Figure  10  it  appears  that  on  19  October,  the  air  tempera¬ 
ture  was  rising  and  the  temperature  at  the  load  cells  had 
not  stabilized  before  the  testing  began.  This  probably 


caused  the  additional  scatter  in  the  calibration  data  on 
19  October.  Figure  10  indicates  mat  an  additional  20  to 
30  minutes  is  necessary  for  the  temperatures  ro  stabi¬ 
lize.  The  data  in  Table  6  agree  with  this  and  show  that 
the  anomalous  velocity  readings  occur  within  the  first 
30  to  45  minutes  of  testing.  Obviously,  this  is  a  function 
of  the  initial  temperature  of  the  vehicle  and  the  outside 
air  temperature  but,  as  a  rule  of  thumb,  the  vehicle 
should  “soak”  in  the  test  environment  with  all  equip- 


Time  of  Day 


Figure  10.  Temperatures  measured  at  the  load  cells  and  the  ambient  temperature 
measured  on  October  19. 
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ment  and  electronics  turned  on.  (Since  the  iiew  load 
cells  for  the  vehicle  have  a  steel  casing  that  has  a  lower 
thermal  diffu.sivit>  than  the  current  load  cell  casing  of 
aluminum,  the  new  load  cells  may  have  to  soak  longer 
but  should  be  more  stable  since  they  respond  to  tem¬ 
perature  more  slowly.) 

The  zero  values  for  each  wheel  were  plotted  against 
the  average  temperature  at  each  of  the  load  cells  to 
evaluate  how  the  temperature  influences  the  load  cell 
reading.  One  such  plot  showing  a  strong  correlation 
between  the  zero  values  (corrected  by  subtracting  the 
average  value  of  that  channel)  and  the  average  of  the 
temperatures  taken  at  that  wheel  is  shown  in  Figure  1 1. 
This  plot  is  based  on  the  data  from  the  series  of  air 
calibrations  performed  on  19  October.  The  change  in 
load  cell  rea^ngs  reflects  a  change  on  the  order  of  10 
Ibf.  Although  Figure  1 1  shows  that  the  load  cell  and 
velocity  zero  value  is  changing  with  temperature,  it 
does  not  prove  that  the  change  in  temperature  at  the 
wheel  is  responsible.  This  could  be  a  case  of  correlation 


but  not  causation.  It  is  particularly  odd  that  the  zero  of 
the  velocity  channel  is  sensitive  to  temperature.  Since 
the  velocity  sensors  are  proximity  gauges  that  are  not 
generally  affected  by  temperature,  the  temperature 
sensitivity  must  be  elsewhere  in  the  system.  The  ampli¬ 
fiers  in  the  velocity  signal  conditioning  unit  are  the  most 
likely  cause.  Although  the  electronics  in  the  data  acqui¬ 
sition  system  technically  need  no  warm  up  time,  they 
are  sensitive  to  temperature  and  are  designed  to  operate 
at  a  constant  temperature,  generally  at  room  tempera¬ 
ture.  Therefore,  the  temperature  inside  the  vehicle  (with 
all  electronics  on)  must  stabilize  before  testing.  The 
electronics  in  the  vehicle  actually  produce  quite  a  bit  a 
heat  themselves,  particularly  the  computer,  and  must  be 
cooled  using  fans.  From  the  calibration  tests,  1  have 
been  unable  io  distir  guish  whether  the  temperature  at 
the  wheels  or  the  temperature  at  the  electronics,  or  both, 
is  affecting  the  readings  since  the  temperature  inside  the 
vehicle  was  not  monitored  during  this  set  of  tests. 

The  temperatures  both  at  the  load  cells  and  at  the  data 


Figure  11.  Load  cell  and  velocity  zero  readings  vs  average  tempera-' 
ture  at  the  load  cell. 
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acquisition  system  inside  the  vehicle  were  monitored 
during  the  experiments  designed  to  evaluate  the  effect 
of  speed  (discussed  later),  and  these  data  were  also 
analyzed  to  determine  the  effect  of  temperature  on  our 
load  cell  readings.  For  these  experiments,  hard  surface 
rolling  resistance  tests  were  performed  five  times  each 
at  six  different  vehicle  speeds,  in  random  order.  The 
entire  sequence  was  performed  three  times  for  different 
tire  inflation  pressures  and  calibration  methods.  The 
longitudinal  force  measured  by  the  load  cells,  the  tem¬ 
perature  recorded  at  the  load  ceiis  (thermocouples  1-4), 


the  ambient  outside  air  temperature  (thermocouple 
number  0),  the  temperature  at  the  data  acquisition 
system  (thermocouple  number  8)  are  given  in  Tables  7, 
8  and  9.  The  longitudinal  force  (hard  surface  rolling 
resistance)  was  compared  to  the  average  temperature  of 
each  load  cell,  the  temperature  differential  across  each 
load  cell  and  the  temperature  at  the  data  acquisition 
hardware  inside  the  vehicle.  To  eliminate  the  effect  of 
speed,  the  temperature  effect  was  studied  separately  at 
each  speed. 

The  analysis  of  this  data  set  for  temperature  effects 


Table  7.  Results  of  rolling  resistance  measured  at  different  speeds. 

Data  were  taken  with  tires  inflated  to  26  psi,  using  a  static  calibration.  Timeof  the  test  and  the  tempetatuie  at  each  of  the  load  cells  were  also  recorded. 


Test 

Speed 

(mph) 

Rolling  resistance 

Time 

Air 

temp. 

m 

Thermocouple 

Left  wheel 

Thermocouple 

Right  wheel 

Thermo¬ 

couple 

8 

m 

Ufi 

m 

Right 

Obf) 

1 

m 

2 

m 

Avg.  , 

m 

Difference  3 

m  m 

4 

(°C) 

Avg.  Difference 

(°c)  m 

IIOID 

1 

10.2 

1.7 

1007 

20.0 

18.2 

19.7 

19.0 

-1.5 

18.2 

16.5 

17.4 

1.7 

28.6 

IIOIJ 

1 

7.6 

7.5 

1030 

15.5 

14.2 

13.9 

14.1 

0.3 

14.4 

14.2 

14.3 

0.2 

25.0 

llOIL 

1 

9.0 

4.0 

1034 

15.8 

14.2 

14.7 

14.4 

-0.5 

14.3 

14.2 

14.3 

0.1 

25.0 

llOlU 

1 

5.8 

4.2 

1229 

*8.0 

17.1 

19.3 

18.2 

-2.2 

18.5 

16.6 

17.6 

1.9 

28.3 

IIOIV 

1 

8.6 

2.0 

1230 

7.5 

17.7 

18.9 

18.3 

-1.2 

18.2 

16.3 

17.3 

1.9 

28.3 

Average: 

8.24 

3.88 

Std: 

1.7 

2.3 

noiE 

3 

8.7 

2.8 

1011 

23.0 

19.4 

19.9 

19.6 

-0.5 

17.9 

18.5 

18.2 

-0.6 

26.0 

IIOIR 

3 

7.9 

4.2 

1220 

21.0 

19.2 

23.0 

21.1 

-3.8 

22.1 

19.9 

21  0 

2.2 

28.1 

nois 

3 

7.4 

6.4 

1223 

19.0 

17.9 

21.7 

19.8 

-3.8 

20.4 

17.9 

19.2 

25 

28.2 

IIOIX 

3 

9.6 

4.9 

1233 

16.5 

18.6 

18.0 

18.3 

0.7 

17.7 

17.6 

17.7 

0.1 

28.4 

1101— 

3 

7.9 

5.9 

1244 

18.4 

16.7 

18.7 

17.7 

-2.0 

17.9 

18.8 

18.4 

-0.9 

28.8 

Average; 

8.3 

4.84 

Std: 

0.7 

1.4 

IIOIC 

5 

10.5 

6.6 

1001 

17.6 

16.2 

19.6 

17.9 

-3.4 

18.5 

12.3 

15.4 

6.2 

32.8 

IIOIH 

5 

7.0 

7.1 

1025 

17.7 

15.6 

15.7 

15.7 

-0.1 

14.5 

14.5 

14.5 

0.0 

24.7 

IIOIM 

5 

6.9 

5.8 

1035 

16.0 

14.1 

15.0 

14.6 

-0.9 

14.3 

14.2 

14.3 

0.1 

25.0 

1101[ 

5 

8.5 

5.4 

1238 

16.9 

18.1 

18.0 

18.0 

0.2 

17.6 

18.4 

18.0 

-0.8 

28.6 

1101\ 

5 

6.5 

4.9 

1239 

17.3 

17.8 

18.1 

18.0 

-0.3 

17.7 

18.5 

18.1 

-O.S 

28.7 

Average; 

7.88 

5.96 

Std: 

1.7 

0.9 

1101 A 

10 

10.0 

6.8 

910 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

11016 

10 

10.3 

7.7 

952 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

HOIK 

10 

8.8 

9.2 

1032 

15.7 

14.2 

14.3 

14.2 

-0.1 

14.4 

'1.2 

14.3 

0.2 

25.0 

KO’.W 

10 

7.2 

8.2 

1232 

17.0 

18.2 

18.5 

18.4 

-0.3 

17.0 

17.0 

17.3 

0.9 

28.4 

IIOIY 

10 

7.9 

8.9 

1234 

16.1 

18.9 

17.7 

18.3 

1.2 

17.5 

18.1 

17.8 

-0.6 

28.5 

Average: 

8.84 

8.16 

Std: 

1.3 

1.0 

IIOIF 

15 

8.3 

5.7 

1017 

26.9 

23.2 

20.0 

21.6 

3.2 

17.7 

20.1 

18.9 

-2.4 

24.4 

IIOIG 

15 

10.9 

9.3 

1021 

17.7 

15.9 

16.2 

16.1 

-0.3 

14.8 

13.9 

14.4 

0.9 

24.5 

nolz 

15 

8.6 

7.8 

1237 

16.4 

18.5 

17.9 

18.2 

0.6 

17.6 

18.3 

17.9 

-0.'' 

28.5 

1101] 

15 

8.0 

8.5 

1240 

17.8 

17.5 

18.3 

17.9 

-0.8 

17.8 

18.6 

18.2 

-0.8 

28.7 

IIOIA 

15 

9.0 

8.8 

1242 

18.0 

17.1 

18.6 

17.8 

-1.5 

17.9 

18.7 

18.3 

-C.8 

28.8 

Average: 

8.96 

8.02 

Std; 

1.2 

t.4 

11011 

20 

12.4 

11.6 

1028 

16.2 

14.7 

14.8 

14.8 

-0.1 

14.5 

14.2 

14.4 

0.3 

24.9 

IIOIN 

20 

12.2 

12.4 

1038 

16.2 

14.1 

15.2 

14.7 

-1.1 

14.2 

14.2 

14.2 

0.0 

25.2 

llOlO 

20 

12.8 

12.4 

1041 

14.6 

13.5 

14.0 

13.8 

-0.5 

13.4 

12.6 

13.0 

0.8 

25.3 

IIOIQ 

20 

8.5 

6.8 

1218 

23.6 

20.9 

24.6 

22.8 

-3.7 

23.0 

21.9 

22.5 

1.1 

25.8 

IIOIT 

20 

9.9 

8.2 

1225 

18.2 

16.8 

19.6 

18.2 

-2.8 

19.4 

16.9 

18.2 

2.5 

28.3 

Average: 

11.16 

10.28 

Std: 

1.9 

2.6 

7 


Table  8.  Results  of  itriliog  resistance  measured  at  different  speeds. 

Data  were  taken  with  tim  infUled  to  1 5  psi,  using  a  rolling  calibration.  Time  of  the  test  and  the  tempeiatuie  at  each  of  the  load  cells  were 
also  recorded. 


RoUing  resistance  Thermocouple  Thermocouple  Right  wheel  Thermo- 


Test 

Speed 

(mph) 

Lefi 

m 

Right 

m 

Time 

Air 

temp. 

(°C) 

/ 

m 

2 

l°C) 

Avg. 

left 

m 

3 

m 

4 

Avg. 

m 

Difference 

m 

couple 

8 

m 

11211 

1 

-7.1 

-42 

1402 

5.1 

2.7 

- 

2.7 

3.6 

2.8 

3.2 

0.8 

14.2 

U21M 

1 

-5.9 

-2.8 

1410 

4.4 

1.9 

— 

1.9 

2.9 

2.3 

2.6 

0.6 

15.3 

1I21N 

1 

-5.2 

-3.6 

1411 

4.0 

1.6 

— 

1.6 

2.7 

2.3 

2.5 

0.4 

15.5 

1121W 

1 

-83 

-43 

1426 

3.1 

0.9 

— 

0.9 

2.2 

2.7 

2.5 

-0.5 

16.6 

1121^ 

1 

-7.2 

-1.9 

1435 

-2.0 

1.0 

— 

1.0 

0.5 

0.6 

0.6 

-0.1 

8.3 

Avenge: 

-6.78 

-3.40 

Std; 

1.3 

1.1 

1121K 

3 

-4Jt 

-1.8 

1406 

5.1 

23 

2.5 

3.3 

2.2 

2.Z 

1.1 

14.8 

1121P 

3 

-6.9 

-4.0 

1413 

3.3 

1.1 

_ 

1.1 

2.3 

2.4 

2.4 

-0.1 

16.0 

1121Z 

3 

-6SL 

-2.4 

1430 

33 

0.8 

— 

0.9 

0.9 

2.8 

1.8 

-2.0 

12.1 

1121] 

3 

-5.6 

-2.1 

1434 

-13 

1.3 

— 

1.3 

0.8 

0.9 

0.9 

-0.2 

10.5 

1121_ 

3 

5.6 

2.1 

1437 

-2.8 

0.3 

— 

0.3 

0.3 

0.3 

0.3 

-0.1 

-1.3 

Avenge: 

-3.46 

-1.64 

Std: 

5.2 

Z3 

11210 

5 

-42 

-1.9 

1358 

5.0 

Z9 

2.9 

3.9 

3.3 

3.6 

0.5 

13.6 

1121J 

S 

-33 

-23 

1404 

5.1 

Z6 

— 

2.6 

3.4 

2.5 

3.0 

1.0 

14.5 

1121L 

5 

-4.1 

0.0 

1408 

4.7 

22 

— 

2.2 

3.1 

2.2 

2.7 

0.9 

15.0 

11210 

5 

-2.1 

-0.6 

1412 

3.7 

1.4 

— 

1.4 

2.5 

2.4 

2.4 

0.1 

15.8 

1121[ 

5 

-5.4 

-23 

1431 

0.2 

13 

— 

1.5 

1.3 

1.6 

1.4 

-0.3 

15.0 

Avenge: 

-3.86 

-1.42 

Std: 

1.2 

1.1 

I12IA 

10 

-0.2 

2.0 

1345 

0.4 

Z3 

2.3 

0.0 

0.4 

0.2 

-0.4 

12.2 

1121S 

10 

-2.7 

-0.1 

1418 

Z6 

0.5 

— 

0.5 

1.9 

2.5 

2.2 

-0.6 

16.5 

1121X 

10 

-0.7 

1.4 

1428 

3.2 

1.0 

— 

1.0 

2.3 

2.8 

2.6 

-0.5 

16.6 

1121' 

10 

-2.6 

-13 

1438 

Z8 

1.6 

1.6 

0.6 

2.5 

1.6 

-1.9 

17.2 

1121\ 

10 

2.6 

1.2 

1432 

-0.5 

1.4 

— 

1.4 

1.0 

1.3 

1.1 

-0.2 

12.7 

Avenge; 

-0.72 

0.66 

Sttk 

2.2 

1.3 

1121B 

15 

0.5 

-2.6 

1347 

1.6 

2.5 

— 

2.5 

I.O 

1.2 

1.1 

-0.2 

12.5 

1121F 

15 

1.4 

-13 

1355 

5.0 

3.0 

— 

3.0 

4.0 

3.6 

3.8 

0.4 

13.3 

1121R 

15 

-2.4 

-2.4 

1415 

3.0 

0.8 

— 

0.8 

2.1 

2.5 

2.3 

-0.4 

16.3 

1121V 

15 

Z2 

-1.4 

1424 

3.0 

0.8 

— 

0.8 

2.1 

2.7 

2.4 

-0.5 

16.6 

1121Y 

15 

1.5 

-1.4 

1429 

4.3 

0.9 

— 

0.9 

1.1 

3.1 

2.1 

-2.0 

14.4 

Avenge; 

0.64 

-1.8 

Std: 

1.8 

0.7 

1121D 

20 

0 

1.1 

1350 

2.7 

2.7 

_ 

2.7 

2.0 

2.0 

2.0 

0.0 

12.8 

1121E 

20 

-2.2 

2.2 

1353 

3.9 

2.8 

— 

2.8 

3.0 

2.8 

2.9 

0.2 

13.0 

1121H 

20 

-03 

2.6 

1400 

5.0 

Z8 

— 

2.8 

3.7 

3.0 

3.4 

0.7 

13.9 

1121T 

20 

0.7 

4 

1420 

2.7 

0.6 

— 

0.6 

2.0 

2.6 

2.3 

-0.6 

16.5 

1121U 

20 

1 

2.7 

1422 

2.8 

0.7 

— 

0.7 

2.1 

2.6 

2.3 

-0.6 

16.5 

Ave.age: 

-0.20 

2.52 

Std: 

1.3 

1.0 

was  inconclusive.  The  results  indicate  that  neither  the 
temperature  difference  across  the  load  cells  nor  the 
temperature  at  the  data  acquisition  system  consistently 
affect  the  load  cell  reading.  In  fact,  the  average  tempera¬ 
ture  at  the  load  cells  did  not  affect  the  measured  resis¬ 
tance,  even  though  temperature  is  known  to  affect 
rolling  resistance  as  indicated  in  Figure  1 2  (Claik  1 982). 
It  is  likely  that  the  temperature  did  not  vary  widely 
enough  to  detect  such  an  effect  (i.e.,  the  range  of  temper¬ 
atures  tested  was  too  small).  In  any  case,  based  on  the 


results  of  these  tests,  a  more  rigorous  study,  designed 
specifically  to  look  at  the  effect  of  temperature  on  the 
load  cells  and  the  velocity  sensors,  is  recommended. 

Vehicle  speed 

While  performing  hard  surface  rolling  resistance 
tests,  my  coworkers  and  I  noticed  that  the  resistance 
increased  with  even  a  slight  increase  in  vehicle  speed. 
Although  an  increase  in  motion  resistance  with  speed 
has  been  documented  for  higher  speeds,  greater  than  30 
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Table  9.  Results  of  rolling  resistance  measured  at  different  speeds. 

Out  were  taken  with  dm  inflated  to  15  psi,  using  a  stadccalibradon.Tbne  of  the  test  and  the  temperature  at  each  of  the  load  cells  were 
also  recorded. 


Test 


RolUng  Resistance 


Speed  Left  Right 

(mph)  (ibf)  (Ibf)  Time 


Thermocoupie 

Air  - 

ten^.  /  2 

m  m  (V) 


Thermocoupie  Right  Wheel  Thermo- 

Avg.  - - couple 

left  3  4  Avg.  Difference  8 

m  m  m  m  m 


0117H 

1 

12.9 

32.6 

1053 

8.2 

7.6 

7.6 

5.3 

4.3 

4.8 

1.0 

21.4 

0117L 

1 

14.4 

30.2 

1103 

8.1 

7.6 

— 

7.6 

5.5 

4.3 

4.9 

1.2 

21.5 

0117M 

1 

15.2 

31.4 

1105 

8.1 

7.6 

— 

7.6 

5.6 

4.3 

4.9 

1.3 

21.5 

0117U 

1 

13.8 

27.4 

1133 

3.7 

8.7 

— 

8.7 

6.8 

4.6 

5.7 

2.3 

28.2 

0117V. 

1 

14.9 

30.3 

1158 

6.0 

6.6 

— 

6.6 

4.8 

3.2 

4.0 

1.7 

20.6 

Average: 

14.24 

30.38 

Std: 

0.9 

1.9 

0117J 

3 

19.0 

31.6 

1057 

8.1 

7.6 

7.6 

5.4 

4.3 

4.9 

1.1 

21.5 

01170 

3 

15.0 

28.9 

nil 

7.9 

7.6 

— 

7.6 

5.6 

4.3 

5.0 

1.3 

21.6 

0117X 

3 

13.8 

28.3 

1144 

5.0 

7.9 

— 

7.9 

5.8 

3.9 

4.9 

1.9 

24.8 

01171 

3 

14.7 

27.7 

1156 

5.8 

6.8 

— 

6.8 

5.0 

3.4 

4.2 

1.7 

20.2 

0117] 

3 

14.6 

30.1 

1201 

6.1 

6.2 

— 

6.2 

4.6 

3.1 

3.8 

1.6 

21.0 

Average: 

15.42 

29.32 

Std: 

2.1 

1.6 

0117F 

3 

12.9 

30.6 

1043 

8.3 

7J 

_ 

7.5 

5.2 

4.3 

4.8 

0.9 

21.3 

01171 

5 

17.2 

32.6 

1055 

8.2 

7.6 

— 

7.6 

5.4 

4.3 

4.8 

1.1 

21.4 

0117K 

5 

14.0 

30.9 

1100 

8.1 

7.6 

— 

7.6 

5.5 

4.3 

4.9 

1.2 

21.5 

0117N 

5 

13.3 

32.4 

1107 

8.0 

7.6 

— 

7.6 

5.6 

4.3 

4.9 

1.3 

21,6 

01  ny 

5 

14.0 

30.2 

1147 

5.3 

7.6 

— 

7.6 

5.2 

3.7 

4.5 

1.5 

21.9 

Average: 

14.28 

31.34 

Std: 

1.7 

1.1 

OlHA 

10 

20.0 

33.9 

1010 

2.3 

8.8 

8.8 

9.2 

7.0 

8.1 

2.2 

21.0 

0117Q 

10 

13.7 

32.7 

1117 

6.2 

8.1 

— 

8.1 

6.3 

4.5 

5.4 

1.8 

24.2 

oinv 

10 

13.6 

31.6 

1137 

4.3 

8.5 

— 

8.5 

6.4 

4.3 

5.4 

2.1 

26.5 

0117Z 

10 

15.3 

33.0 

1152 

5.6 

7.1 

— 

7.1 

5.1 

3.6 

4.3 

1.6 

19.8 

0117A 

10 

— 

— 

1205 

6.2 

5.9 

— 

5.9 

4.4 

3.0 

3.7 

1.4 

22.0 

Average: 

15.65 

32.80 

Std: 

3.0 

1.0 

0117B 

15 

20.7 

36.8 

1025 

5.2 

8.4 

— 

8.4 

8.2 

5.8 

7.0 

2.4 

21.1 

0117E 

15 

17.2 

35.0 

1039 

8.3 

7.5 

— 

7.5 

5.2 

4.3 

4.8 

0.9 

21.3 

0117F 

15 

16.5 

33.9 

1113 

7.2 

7.9 

— 

7.9 

5.9 

4.4 

5.2 

1.5 

22.9 

01  ITT 

15 

16.5 

34.9 

1128 

3.2 

8.9 

— 

8.9 

7.0 

4.8 

5.9 

2.2 

21.8 

0117W 

15 

15.7 

32.5 

1140 

4.5 

8.2 

— 

8.2 

6.2 

4.1 

5.2 

2.1 

26.5 

Average: 

17.32 

34.62 

Std: 

2.0 

1.9 

0117C 

20 

20.4 

35.8 

1030 

6.3 

8.0 

— 

8.0 

7.2 

5.1 

6.2 

2.1 

21.1 

0117D 

20 

22.9 

36.4 

1035 

7.5 

7.7 

— 

-’.1 

6.2 

4.7 

5.5 

1.5 

21.3 

01 170 

20 

20.4 

35.5 

1047 

8.2 

7.6 

— 

7.6 

5.3 

4.3 

4.8 

1.0 

21.4 

0117R 

20 

17.0 

34.6 

1120 

5.2 

8.5 

— 

8.5 

6.5 

4.6 

5.6 

1.9 

25.5 

0117S 

20 

16.9 

35.3 

1124 

4.2 

8.7 

— 

8.7 

6.7 

4.7 

5.7 

2.0 

26.9 

Average: 

19.52 

35.52 

Std; 

2.6 

0.7 

mph  (Fig.  12,  Qaiic  1982),  at  low  speeds  resistance  was 
assumed  to  be  constant. 

To  document  the  effect  of  speed  on  the  resistance,  a 
series  of  hard  surface  resistance  tests  were  perfonned 
(as  mentioned  in  the  previous  section)  in  the  same 
location  on  an  asphalt  road.  All  tests  were  performed 
within  two  hours  to  limit  environmental  effects.  Five 
tests  were  run  at  each  speed:  1 , 3, 5, 10, 15,  and  20  mph, 
and  the  test  order  was  randomized  to  eliminate  bias. 
Two  series  of  tests  (Tables  7  and  9)  were  perfonned 


based  on  the  static  calibration  method,  one  at  1 5-psi  and 
another  at  26-psi  tire  inflation  pressures.  One  other  set 
of  tests  (Table  8)  was  performed  based  on  the  rolling 
calibration  method  (tires  at  1 5-psi  inflation  pressure). 
Since  the  calibration  methods  varied,  the  resistance 
values  obtained  are  relative  to  the  calibration  method 
but  the  effect  of  speed  is  consistent. 

All  the  test  results  indicate  an  increase  in  resistance 
with  speed  as  shown  graphically  in  Figures  13, 14  and 
15.  By  fitting  a  straight  line  to  the  data,  the  slope 
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Figure  13.  Hard  surface  motion  resistance  vs  vehicle  speed  ( tire  pressure  at 
26  psi,  using  a  static  calibration  method).  Regression  equations  and 
correlation  coefficients  shown. 
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8 


Speed  (mph) 


Figure  14.  Hard  surface  motion  resistance  vs  vehicle  speed  (rolling 
calibration,  15 psi  tire  inflationpressure).  Regression  equations  and  cor¬ 
relation  coefficients  are  shown.. 


indicates  the  change  in  resistance  with  speed  for  this 
speed  range.  The  straight  line  regression  equations 
along  with  correlation  coefficients  are  given  on  the 
figures.  Slopes  range  from  0.14  to  0.33  Ibf/mph.  If  the 
slope  of  0. 14  Ibf/mph  is  omitted  as  an  outlier,  the  slopes 
averages  0.31  Ibf/mph.  This  is  small,  unless  you  are 
trying  to  detect  very  small  effects  . 

Contact  patch  area 

Indirectly  related  to  uncertainty  in  the  vehicle  mobil¬ 
ity  measurements  is  the  area  of  the  contact  patch  of  the 
tire.  Static  tire  contact  patch  area  is  generally  measured 
by  making  a  print  of  the  tire  contact  area  on  a  hard 
surface.  Because  the  difference  between  a  static  and 
rolling  contact  patch  is  small  when  measured  on  a  hard 
surface  (Clark  1982),  the  static,  hard  surface  contact 
area  is  used  as  input  to  calculate  the  dynamic  contact 
area  on  deformable  terrain. 

Variability  in  the  measured  contact  area  was  noted 
when  the  same  tire  was  measured  at  several  different 
times  over  the  course  of  a  year.  Although  some  of  the 
variability  may  be  attributed  to  tire  wear  and  loosening 
of  the  sidewall  bands,  this  should  be  insignificant  be¬ 
cause  of  the  limited  use  of  the  tires.  The  possible  effect 


of  the  tread  pattern  repetition  was  also  observed  but  was 
found  to  have  little  or  no  influence  on  the  contact  patch 
area.  All  measurements  were  taken  indoors,  generally 
in  a  garage  area  wheie  temperatures  may  have  been 
si  ightly  different  from  test  to  test,  causing  some  changes 
in  the  flexibility  of  the  rubber,  but  again  this  is  not 
believed  be  the  major  cause  of  variability.  In  addition, 
although  the  standard  tire  gauge  used  to  measure  infla¬ 
tion  pressure  was  calibrated,  some  accuracy  is  lost  in 
reading  the  dial  gauge.  The  primary  cause  of  variability 
is  believed  to  be  changes  of  the  normal  load  on  the  front 
axle  caused  by  the  load  distribution  in  the  rear  oi  ‘he 
vehicle.  So,  although  we  made  no  visible  changes  (aside 
from  those  noted  on  the  graph),  the  normal  load  on  the 
front  axle  could  have  changed. 

Although  a  thorough  study  of  the  causes  of  variabil¬ 
ity  was  not  performed,  an  indication  of  the  magnitude  of 
the  variability  and  the  effects  of  the  changes  of  load 
distribution  in  the  vehicle  can  be  seen  in  Figures  1 6  and 
17,  showing  contact  area  measured  for  a  variety  of 
conditions.  These  figures  indicate  the  variability  in  the 
measurement  as  well  as  how  the  weight  distribution  in 
the  vehicle  affects  the  contact  area.  The  figures  are  for 
the  same  tire  at  two  inflation  pressuies,  15  psi  (Fig.  16), 
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Figure  15.  Hard  surface  motion  resistance  vs  vehicle  speed  (static 
calibration,  26  psi  tire  inflation  pressure).  Regression  equations  and 
correlation  coefficients  are  shown. 


and  26  psi  (Fig.  17).  The  contact  area  was  measured  loaded  the  same  as  during  testing  (i.e.,  two  persons  and 

with  three  different  sets  of  weights  on  the  front  bumper  all  equipment),  and  both  the  contact  area  and  tire  infla- 

(listed  on  the  horizontal  axis).  The  dates  of  the  measure-  tion  pressure  should  be  measured  at  the  same  tempera¬ 
ments  and  number  of  people  in  the  vehicle  are  noted  on  hire  as  expected  during  mobility  testing, 

the  graphs.  The  relationship  of  the  added  weights,  nor-  Even  following  these  guidelines  and  taking  repeated 

mal  load  on  the  wheel,  deflection  and  contact  area  is  measurements  under  the  same  conditions,  some  vari- 

shown  in  Table  10.  ability  in  the  area  may  result  from  randomness  associ- 

From  the  graphs,  the  effect  of  the  weights  on  the  front  ated  with  lowering  the  tire  onto  the  paper.  We  know  that 

bumper  is  clear.  However,  the  effect  of  the  weight  of  the  the  tire  does  not  always  roll  to  a  stop  in  the  same  position 

passengers  is  overshadowed  by  other  variations  in  the  and  likewise  will  probably  not  settle  in  the  same  posi- 

measurement  Aside  from  the  weights  on  the  bumper,  tion  when  lowered  using  a  jack.  Although  contact  area 

other  variables  cause  the  area  measurements  to  vary  by  is  used  in  many  of  our  mobility  calculations,  the  uncer- 

tqrproximately  11%  at  26  psi  and  21%  at  15  psi.  tainty  in  its  measurement  appears  to  be  small  when 

The  contact  area  was  measured  at  set  inflation  pres-  compared  to  the  variations  associated  with  the 

sures  and,  although  contact  area  is  a  function  of  inflation  deformable  terrain, 

pressure,  it  is  more  directly  related  to  tire  deflection 
(Table  10).  If  inflation  pressure  and  normal  load  are 

varied  to  maintain  a  constant  tire  deflection,  then  the  DISCUSSION  AND  APPLICATION  TO 
contact  area  of  the  tire  will  remain  essentially  constant  EXPERIMENTAL  PROGRAMS 
(Clark  1982).  Therefore,  in  measuring  contact  area 

based  on  inflation  pressure,  care  must  be  taken  to  On  the  whole,  a  reduction  in  uncertainty  will  en- 

achieve  the  same  tire  deflection.  The  vehicle  should  be  hance  our  ability  to  detect  smaller  effects.  In  this  study 
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Tire  Area  (in 


Figure  16.  Tire  contact  areas  at 
various  vehicle  load  conditions 
(15-psi  inflation  pressure). 


Figure  17.  Tire  contact  areas  at 
various  vehicle  load  conditions  (26- 
psi  inflation  pressure). 


Table  10.  Deflection  from  weight  on  bumper  at  two  tire  pressures. 

Undeflected  section  width = 9  in.,  undeflected  secuon  height = 6.44  in.,  undeflected  tire  diameter= 29  in.,  tire  tread 
void  ratio  =  0.44.  Data  taken  September  1988. 


Tire 

pressure 

(psi) 

Wei$hts 
added 
on  bumper 

(Ibf) 

Vertical 
load 
on  wheel 
(Ibf) 

Deflected 

section 

height 

(in.) 

Deflected 

section 

width 

(in.) 

Deflection 

Contact 

area 

(m.^) 

(in.) 

(%) 

26 

0 

1479 

4.63 

10.13 

1.82 

28.3 

54.1 

122.4 

1581 

4.56 

10.19 

1.88 

29.2 

58.9 

244.6 

1663 

4.50 

10.25 

1.94 

30.1 

59.8 

15 

0 

1422 

4.00 

10.75 

2.44 

37.9 

76.0 

122.4 

1533 

3.88 

10.19 

2.56 

39.8 

80.3 

244.6 

1634 

3.75 

11.00 

2.69 

41.8 

84.4 
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I  have  identified  sources  of  systematic  error,  quantified 
their  effects  and  made  suggestions  to  help  reduce  them 
(forexample,  using  the  recommendedcalibrationmethod 
and  data  collection  procedures).  Based  on  acompilation 
of  hard  surface  motion  resistance  measurements  taken 
over  the  last  several  years,  shown  in  Table  4,  the  change 
from  a  static  to  a  rolling  vehicle  calibration  procedure 
can  reduce  the  standard  deviation  of  the  hard  surface 
motion  resistance  by  an  average  of  30%.  This  relates  to 
being  able  to  detect  a  variable  that  causes  a  smaller 
effect  on  motion  resistance.  Even  greater  improvement 
can  be  made  by  carefuUycontrolling  temperature,  speed 
and  weight  distribution  to  eliminate  Aeir  effects  as 
discussed  earlier. 

Using  the  standard  deviations  from  hard  surface 
rolling  resistance  calculated  in  Table  4,  we  can  deter¬ 
mine  the  size  of  the  detectable  effect  S  and  calculate  the 
decrease  in  S  caused  by  a  decrease  in  the  standard 
deviation.  Rewriting  eq  2 

8  = 

From  statistics  tables,  the  t  value  for  a  two-tailed  test 
with  two  degrees  of  freedom  and  95%  confidence  is 


4.303.Basedon  a  static  calibration  method,  the  standard 
deviation  Of  the  hard  surface  rolling  resistance  at  26  psi 
inflation  pressure  is  Sy  =  4.6  Ibf  (pooled  standard  de¬ 
viation  for  left  and  right  wheel).  For  three  repetitions  {n 
= 3),  the  smallest  detectable  effect  8  equals  1 1 .4  Ibf.  For 
the  same  tire  and  inflation  pressure,  a  rolling  calibration 
reduces  the  standard  deviation  to  5y  =  2.9  (left  and  right 
wheel  pooled),  which  reduces  the  detectable  effect  to 
7.2  Ibf.  Simply  put,  a  37%  decrease  in  the  standard 
deviation  decreases  the  detectable  effect  by  the  same 
percentage. 

On  deformable  terrain  (such  as  snow  and  soil),  the 
standard  deviation  of  the  resistance  measurements  ranges 
primarily  from  approximately  15  to  60  Ibf.  For  the 
standard  three  replicates,  the  smallest  detectable  effects 
range  firom  37  to  149  Ibf.  Therefore,  detecting  smaller 
effects  on  deformable  terrain  requires  more  repetitions 
or  changing  the  experimental  technique  to  reduce  un¬ 
certainty.. 

To  aid  in  experimental  decision  making,  this  type  of 
information  can  be  expressed  either  in  tables  or  as 
operating  characteristic  (OC)  curves.  Figure  18  shows 
a  set  of  operating  characteristic  curves  for  determining 
the  probability  of  detecting  an  effect  of  size  8  with  95% 
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Figure  18.  Operating  Characteristics  curves  for  a  two-tailed  t-test  with  95%  confidence 
(Natiella  1963).  Oy,  the  true  standard  deviation,  can  be  approximated  by  Sy,  the  sample 
standard  deviation. 
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confidence  (from  Natrella  1963).  Using  Figure  18,  for 
a  given  number  of  replicates,  n,  we  can  determine  the 
probability  of  not  detecting  a  difference  5  when  a  dif¬ 
ference  does  in  fact  exist.  This  probability  of  not  detect¬ 
ing  a  difference  when  one  exists  is  called  an  Error  of  the 
Second  Kind,  p.  These  types  of  curves  can  be  used  for 
choosing  the  value  of  n  for  the  results  desired,  for 
evaluating  the  effects  of  the  size  of  the  standard  devia¬ 
tion,  or  for  determining  the  consequences  of  underesti¬ 
mating  the  size  of  the  tme  standard  deviation. 

SUMMARY  AND  CONCLUSIONS 

In  summary,  it  is  important  to  know  the  precision  of 
an  experimental  procedure  so  that  an  experiment  can  be 
planned  to  optimize  the  experimental  results  and  mini¬ 
mize  the  time  and  cost  of  obtaining  the  data.  The 
experimental  error,  or  precision,  can  be  expressed  as  the 
standard  deviation,  and  can  be  estimated  from  previous 
data  if  it  is  not  known.  In  this  study,  standard  deviations 
were  calculated  from  traction  and  motion  resistance 
tests  for  a  wide  range  of  conditions  (hard  surface,  snow 
and  freezing  and  thawing  soil). 

Experimental  error  consists  of  both  random  error 
and  systematic  error.  Precision  can  be  improved  by 
eliminating  the  systematic  errors  and  reducing  random 
errors.  This  study  concentrated  on  improving  technique 
by  defining  or  eliminating  systematic  errors. 

The  systematic  errors  identified  in  this  study  were 
calibration  method,  temperature,  vehicle  speed,  and 
weightdistributionas  reflected  in  the  tirecontactarea.The 
results  are  outlined  below., 

1 .  Of  the  vehicle  calibration  techniques  used,  the 
rolling  calibration  is  the  most  consistent;  therefore,  this 
is  the  preferred  technique.  Since  the  hard  surface  rolling 
resistance  is  used  as  the  zero  datum  in  this  technique,  the 
measured  resistance  reflects  that  caused  by  terrain  de¬ 
formation.  A  static  calibration  must  be  used  to  measure 
the  total  resistance. 

2. Temperature  changes  affect  the  load  cell  readings, 
and  temperature  fluctuations  inside  the  vehicle  can 
affect  the  signal  conditioning  equipment,  causing  drift 
in  the  readings.  The  vehicle  and  all  equipment  should  be 
operating  and  temperatures  stabilized  before  vehicle 
calibration  and  testing  begins. 

3.  Rolling  resistance  is  a  function  of  speed  even  at  the 
low  speeds  commonly  used  in  our  test  program.  In  the 
range  of  speeds  tested, however,  the  average  effect  of 
speed  is  only  about  0.3  Ibf/mph. 

4. The  load  on  the  front  axles  of  the  vehicle  is  ex¬ 
tremely  sensitive  to  the  weight  distribution  in  the  ve¬ 
hicle.  Small  variations  in  the  weight  distribution  are 


also  reflected  in  the  contact  area  of  the  tires,  which  are 
kept  at  a  constant  inflation  pressure  rather  than  constant 
deflection.  Although  it  is  preferable  to  perform  tests 
based  on  inflation  pressure,  care  should  be  taken  to 
maintain  constant  deflection. 

This  study  has  documented  the  precision  of  the 
CRREL  Instrumented  Vehicle  and  suggests  techniques 
to  elim.inate  some  of  the  systematic  errors  associated 
with  the  data  collection.  Although  the  analysis  was 
performed  using  data  from  the  CRREL  Instrumented 
Vehicle,  the  results  are  of  use  to  anyone  interested  in 
performing  precision  mobility  testing.  As  a  result  of  this 
study  a  new  vehicle  calibration  and  test  procedure  is 
recommended.  This  procedure,  along  with  guidelines 
for  maintaining  measurement  accuracy  throughout 
mobility  testing,  is  detailed  below.; 

1 .  Before  testing,  allow  the  vehicle  to  “soak”  with  the 
engine  and  electronics  on,  in  the  test  environment  until 
temperatures  both  inside  and  outside  the  vehicle  stabi¬ 
lize.  It  is  necessary  for  the  vehicle  temperatures  to 
equilibrate  with  the  ambient  air  and  the  heat  of  the 
engine.  It  also  allows  the  temperature  inside  the  vehicle 
to  equilibrate  and  therefore,  the  electronics  to  stabilize. 
If  the  weather  changes  significantly  during  the  course  of 
the  tests  it  should  be  noted  and  the  vehicle  should  be 
recalibrated.  Temperature  can  be  monitored  using  ther¬ 
mocouples  at  various  places  inside  and  outside  the 
vehicle.  Temperature  readings  should  be  periodically 
recorded. 

2.  Choose  the  method  of  calibration  (air,  static  or 
rolling)  that  best  suits  the  experimental  needs.  Although 
the  rolling  calibration  method  is  the  most  consistent,  the 
other  methods  may  be  desirable  for  other  test  purposes. 
Calibrate  the  vehicle  on  as  level  and  smooth  a  surface  as 
possible.  Since  the  load  cells  are  very  sensitive  to  the 
load  distribution  (and,  therefore,  tilt)  of  the  vehicle, 
even  very  small  slopes  affect  load  transfer  on  the 
wheels. 

3.  Mobility  testing  procedures  should  routinely  in¬ 
clude  ahard  surface  motion  resistance  measurement  for 
each  set  of  test  conditions.  This  should  be  performed 
immediately  prior  to  or  after  mobility  testing  on 
deformable  terrain,  and  for  each  tire  inflation  pressure 
used.  The  hard  surface  information  will  serve  as  a  base 
line  for  the  mobility  measurements  taken  throughout 
the  day..  Any  changes  in  the  hard  surface  values  will 
indicate  systematic  errors  that  can  then  be  corrected 
using  the  hard  surface  values  as  a  reference  base..  In 
addition,  the  hard  surface  values  can  be  subtracted  from 
the  gross  resistance  values  to  obtain  that  part  of  resis¬ 
tance  caused  by  terrain  deformation  only. 

4..  Record  the  time  of  the  calibration  and  of  the 
subsequent  tests.  Additional  information  that  should  be 
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Names  of  pereonnei: 


Date _  Location _ 

Weather 

Conditions _ 

Terrain  Infonnation: 

□  snow/lhaw  depth _ 

□  3-6  samples  for  moisture  and  density 

□  sample  for  grain  size 

□  cone  index 

□  strength  test  (or  samples) 

Calibration  type,  speed,  time: _ 

Base  vehicie  Tire 

speed _ Type _ 

Tire  Tire 

inflation _ ^deflection _ 

A  ful  test  sequence  will  include: 

1  hard  surface  rolling  resistance, 

3  traction  tests,  and 
3  resistance  tests. 

Any  missing  Information  will  ^eld  unusable  test  results. 


Figure  19.  Mobility  testing  checklist. 


recorded  for  each  test  series  includes  calibration  method 
(if  roiling,  at  what  speed)  temperatures  measured  on  or 
in  vehicle,  speed  of  tests,  etc.  A  data  checklist  is  given 
in  Figure  19  and  can  be  used  to  ensure  that  the  necessary 
information  is  recorded. 
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APPENDIX  A:  Range  Test  for  Homogeneity  of  Variance. 

A  range  test  is  used  to  check  the  “homogeneity”  or  likeness  of  data  sets.  The  variances  of 
the  groups  of  data  are  considered  homogenous  if  the  ratio  of  the  maximum  range  to  the  sum 
of  the  ranges  does  not  exceed  the  value  obtained  from  the  table  below.  For  IS  data  sets  {k  = 
1 S)  with  at  least  4  replicates  in  each  set  (n = 4)  the  ratio  obtained  from  the  table  is  0. 1 S.  Since 
this  is  greater  than  the  calculated  ratio,  the  data  sets  are  homogenous  (and  their  standard 
deviations  can  be  pooled). 

If  the  left  and  right  side  values  are  combined,  the  calculated  ratio  is  0.064  and  the  table 
value  is  0.08.  Again,  the  data  are  homogeneous. 

Table  Al.  Ranges  from  traction  data  sets  collected  in  Montana,  March  1987. 

Range 

Date  - 


1987 

Conditions 

Left 

Right 

No.  of  tests 

3/12 

dry  soil,  ISpsi 

0.082 

0.126 

9 

3I\2 

dry  soil,  ISpsi 

0.021 

0.0S8 

4 

3/13 

IL  rain  on  soil,  IS  psi 

0.036 

0.049 

S 

3/13 

1/16  in.  rain  on  soil,  IS  psi 

0.064 

0.062 

S 

3/17 

dry  soil,  IS  psi 

0.063 

0.107 

6 

3/17 

dry  soil,  26  psi 

0.078 

0.066 

6 

3/17 

dry  soil,  26  psi 

0.0S0 

0.167 

6 

3/19 

7  ia  snow,  26  psi 

0.110 

0.088 

6 

3/19 

7  in.  snow,  IS  psi 

O.OS9 

0.064 

S 

3/19 

10  ia  snow,  IS  psi 

0.062 

0.044 

6 

3/19 

11  iasnow,  ISpsi 

0.092 

0.046 

6 

3/21 

6  ia  snow,  IS  psi 

0.034 

0.086 

S 

3121 

6  ia  snow,  26  psi 

0.064 

0.036 

8 

3/21 

slushy,  26  psi 

0.034 

0.048 

4 

3/21 

slushy,  IS  psi 

0.039 

0.081 

4 

SUM 

0.888 

1.027 

8S 

MAX.  RANGE 

0.110 

0.126 

RATIO  MA.X/SUM 

0.124 

0.123 

Table  A2.  Criterion  for  testing  homt^eneity  of  variation  from  ranges  with  95%  confidence  (from  Youden  and 
Steiner  1984). 


No.  of 

values  No.  of  ranges  compared  (k) 

m  each _ 

range 


(n) 

2 

3 

4 

S 

6 

7 

8 

9 

10 

12 

15 

20 

30 

40 

50 

2 

0.96 

0.81 

0.68 

0.58 

0.51 

0.45 

m 

0.37 

0.34 

0.29 

0.24 

0.19 

0.13 

0.10 

0.08 

3 

0.86 

0.67 

0.54 

0.45 

0.39 

0.34 

HE  ■ 

0.28 

0.25 

0.22 

0.18 

0.14 

0.10 

0.07 

0.06 

4 

0.80 

0.60 

0.48 

0.40 

0.34 

mm  m 

0.24 

0.22 

0.19 

0.15 

0.12 

0.08 

0.06 

0.05 

S 

0.76 

0.S6 

0.45 

0.37 

0.32 

0.28 

mg  m 

0.22 

0.20 

0.17 

0.14 

0.11 

0.08 

0.06 

0.05 

6 

0.74 

0.54 

0.42 

0.35 

0.30 

0.26 

0.21 

0.19 

0.16 

0.13 

0.10 

0.07 

0  05 

0.04 

7 

0.72 

0.52 

0.41 

0.34 

0.29 

0.25 

0.20 

0.18 

0.16 

0.13 

0.10 

0.07 

0.05 

0.04 

8 

0.70 

0.51 

0.40 

0.33 

0.28 

0.24 

9 

0.20 

0.18 

0.15 

0.12 

0.10 

0.07 

0.05 

0.04 

9 

0.69 

0.50 

0.39 

0.32 

0.27 

0.24 

mg  1 

0.19 

0.17 

0.15 

0.12 

0.09 

0.06 

0.05 

0.04 

10 

0.68 

0.49 

0.38 

0.31 

0.27 

0.23 

■!»  m 

0.19 

0.17 

0.15 

0.12 

0.09 

0.06 

0.05 

0.04 
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Table  A3.  Peak  traction  values  for  various  terrain  conditions  tested  in  Montana, 
March  1987. 


PEAK  TRACTION 


CONDITIONS 

TEST# 

LEFT 

RIGHT 

dry,  ISpsi 

0312C 

0.5C5 

0.473 

tire  D 

0312D 

0.540 

0.532 

0312E 

0.553 

0.562 

0312F 

0.587 

0.549 

0312G 

0.530 

0.551 

0312H 

0.521 

0.526 

03121 

0.535 

0.599 

0312J 

0.550 

0.573 

0312K 

0.559 

0.566 

MEAN 

0.542 

0.548 

STANDARD  DEVIATION 

0.024 

0.036 

dry,  15psi 

0312L 

0.566 

0.633 

tire  D 

0312M 

0.576 

0.587 

0312N 

0.586 

0.645 

03120 

0.565 

0.631 

MEAN 

0.573 

0.624 

STANDARD  DEVIATION 

0.010 

0.025 

It.  rain  15  psi 

0313C 

0.548 

0.516 

tire  D 

0313D 

0.534 

0.511 

0313E 

0.519 

0.492 

0313F 

0.512 

0.541 

0313G 

0.537 

0.539 

MEAN 

0..5i0 

0.520 

STANDARD  DEVIATION 

0.014 

0.021 

1/16"  rain  15  psi 

0313H 

0.601 

0.587 

tire  D 

03131 

0.603 

0.573 

0313J 

0.587 

0.591 

0313K 

0.596 

0.590 

0313L 

0.651 

0.635 

MEAN 

0.608 

0.595 

STANDARD  DEVIATION 

0.025 

0.023 
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Table  A3  (Cont’d). 


PEAK  TRACTION 


CONDITIONS  TEST#  LEFT  RIGHT 


dry,  15  psi 

0317A 

0.717 

0.699 

tire  D 

0317B 

0.706 

0.681 

0317C 

0.769 

0.788 

0317D 

0.738 

0.751 

0317E 

0.721 

0.706 

0317G 

0.718 

0.703 

MEAN 

0.728 

0.721 

STANDARD  DEVIATION 

0.023 

0.040 

dry,  26  psi 

0317M 

0.669 

0.684 

tire  D 

0317N 

0.666 

0.698 

03170 

0.674 

0.665 

0317P 

0.699 

0.697 

0317Q 

0.724 

0.730 

031 7R 

0,752 

0,731 

MEAN 

0.697 

0.701 

STANDARD  DEVIATION 

0.035 

0.026 

dry,  26  psi 

0317S 

0,715 

0.749 

tire  D 

0317T 

0.755 

0.737 

0317U 

0.705 

0.682 

0317V 

0.739 

0.729 

0317W 

0.725 

0,714 

0317X 

0.741 

0.748 

MEAN 

0.730 

0.727 

STANDARD  DEVIATION 

0.018 

0.025 

7  in.  snow,  26psi 

0319K 

0.339 

0.326 

tire  D 

0319L 

0.302 

0.317 

0319M 

0.306 

0.311 

03190 

0.229 

0.238 

0319P 

0.267 

0.244 

0319Q 

0.289 

0.251 

MEAN 

0.289 

0.281 

STANDARD  DEVIATION 

0.034257 

0.038 

0.041 
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Table  A3  (Cont’d).  Peak  traction  values  for  various  terrain  conditions  tested  in 
Montana,  March  1987. 


PEAK  TRACTION 


CONDITIONS 

TEST# 

LEFT 

RIGHT 

7  in.  snow,  ISpsi 

0319T 

0.275 

0.295 

tire  D 

0319U 

0.334 

0.356 

0319V 

0.301 

0.274 

0319W 

0.279 

0.316 

0319X 

0.296 

0.292 

MEAN 

0.279 

0.307 

STANDARD  DEVIATION 

0.023 

0.031 

10  in.  snow, 15  psi 

0319c 

0.291 

0.293 

tire  D 

0319d 

0.319 

0.269 

0319e 

0.293 

0.258 

0319f 

0.323 

0.267 

0319g 

0.336 

0.276 

0319h 

0.353 

0.249 

MEAN 

0.319 

0.272 

STANDARD  DEVIATION 

0.024 

0.017 

11  in.,  snow,  15  psi  0319k 

0.333 

0.235 

tire  D 

03191 

0.277 

0.189 

0319m 

0.311 

0.222 

0319n 

0.328 

o.v.r-.8 

0319o 

0.306 

0.222 

0319p 

0.369 

0.218 

MEAN 

STANDARD 

DEVIATION 

0.321 

0.031 

0.219 

0.016 

6  in.  snow,  15  psi 

0321R 

0.404 

0.486 

tire  D 

0321S 

0.422 

0.461 

0321T 

0.413 

0.412 

0321U 

0.428 

0.436 

0321V 

0.394 

MEAN 

0.412 

0.439 

STANDARD  DEVIATION 

0.014 

0.035 
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Table  A3  (Cont’d). 


PEAK  TRACTION 


CONDITIONS 

TEST# 

LEFT 

RIGHT 

6  in .  snow , 

26  psi  0321A 

0.435 

0.338 

tire  D 

0321B 

0.394 

0.335 

0321C 

0.371 

0.342 

0321D 

0.413 

0.359 

0321E 

0.374 

0.346 

0321F 

0.400 

0.371 

0321G 

0.378 

0.356 

0321H 

0.379 

0.356 

MEAN 

0.393 

0.350 

STANDARD  DEVIATION 

0.022 

0.012 

slushy  snow  on 

03210 

0.680 

0.666 

gravel  road,  26  psi 

0321P 

0.714 

0.682 

tire  D 

0321Q 

0.702 

0.714 

0321R 

0.689 

0.694 

MEAN 

0.696 

0.689 

STANDARD  DEVIATION 

0.015 

0.020 

slushy  snow 

on  0321S 

0.661 

0.646 

gravel  road. 

15  psi,0321T 

0.679 

0.655 

tire  D 

0321U 

0.640 

0.624 

0321V 

0.677 

0.705 

MEAN 

STANDARD  DEVIATION 

0.664 

0.018 

0.658 

0.034 
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Appendix  B;  Calibration  files  for  experiments  evaluating  the  repeatability  of  calibra¬ 
tion  methods. 


TABLE  OF  CONTENTS 


Calibration 

Test# 

Calibration 

Type 

Calibration 

Test# 

Calibration 

Type 

C1018A 

AIR 

C1019A 

AIR 

C1018B 

STATIC 

C1019B 

STATIC 

C1018C 

ROLLING 

C1019C 

AIR 

C1018D 

AIR 

C1019D 

STATIC 

C1018E 

ROLLING 

C1019E 

STATIC 

C1018F 

ROLLING 

C1019F 

STATIC 

C1018G 

ROLLING 

C1019G 

ROLLING 

C1018H 

AIR 

C1019H 

ROLLING 

C1018I 

AIR 

C1019I 

AIR 

C1018J 

STATIC 

C1019J 

STATIC 

C1018K 

ROLLING 

C1019K 

ROLLING 

C1018L 

ROLLING 

C1019L 

STATIC 

C1018M 

STATIC 

C1019M 

AIR 

C1018N 

AIR 

C10I9O 

AIR 

C1018O 

ROLLING 

C1019P 

ROLLING 

C1018P 

STATIC 

C1019Q 

ROLLING 

C1018Q 

STATIC 

C1019R 

ROLLING 

C1018R 

STATIC 

C1019S 

AIR 

C1018S 

AIR 

C1019T 

ROLLING 

C1018T 

STATIC 

C1019U 

STATIC 

C1018U 

AIR 

1 

1 

C1019V 

AIR 

CALIBRATION  FILE:  C1018A 


Zero  Value  Shura  Value  Scale  Value 


Left  Vertical 

-941.21 

258.71 

0.8726 

eft  Longitudinal 

-51.50 

1151.25 

0.8581 

Left  Side 

-A3733 

1949.71 

0.8948 

Left  Velocity 

9.13 

269.79 

0.0192 

Right  Vertical 

-686.67 

517.92 

0.8816 

Right  Longitudinal 

-27.33 

1175.58 

0.8743 

Right  Side 

-377.42 

2018.88 

1.0011 

Right  Velocity 

17.00 

279.54 

0.0190 

Sonic  Devc.  Velocity 

9.67 

9.67 

NA 

Fifth- Wheel  Velocity 

8.25 

269.63 

0.0191 
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CALIBRATION  FILE:  C1018B 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-939.92 

259.42 

0.8730 

Left  Longitudinal 

-41.75 

1161.54 

0.8581 

Left  Side 

-402.54 

1983.75 

0.8951 

Left  Velocity 

9.83 

282.88 

0.0183 

Right  Vertical 

-690.58 

513.75 

0.8818 

Right  Longitudinal 

27.79 

1230.63 

0.8742 

Right  Side 

-355.63 

2046.79 

0.9986 

Right  Velocity 

17.92 

292.29 

0.0182 

Sonic  Devc.  Velocity 

10.13 

10.00 

NA 

Fifth- Wheel  Velocity 

9.125 

283.17 

0.0182 

CALIBRATION  FILE:  C1018C 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-945.38 

254.61 

0.8725 

Left  Longitudinal 

-55.83 

1152.29 

0.8577 

Left  Side 

-406.71 

1987.88 

0.8954 

Left  Velocity 

64.46 

270.25 

0.0243 

Right  Vertical 

-700.75 

509.17 

o.zin 

Right  Longitudinal 

24.83 

1225.33 

0.8736 

Right  Side 

-351.29 

2047.00 

1.0003 

Right  Velocity 

70.88 

279.33 

0.0240 

Sonic  Devc.  Velocity 

10.96 

10.67 

NA 

Fifth- Wheel  Velocity 

62.58 

270.50 

0.0240 

CALIBRATION  FILE:  C1018D 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.54 

255.92 

0.8722 

Left  Longitudinal 

-49.58 

1153.13 

0.8574 

Left  Side 

-445.13 

1945.01 

0.8936 

Left  Velocity 

10.00 

259.46 

0.0200 

Right  Vertical 

-701.75 

498.25 

0.885 

Right  Longitudinal 

-26.17 

1176.92 

0.8737 

Right  Side 

-380.04 

2041.00 

0.9884 

Right  Velocity 

17.50 

268.79 

0.0199 

Sonic  Devc.  Velocity 

10.25 

10.46 

NA 

Fifth- Wheel  Velocity 

8.75 

260.58 

0.0199 
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CALIBRATION  HLE:  ClOl  8E 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.83 

257.50 

0.8723 

Left  Longitudinal 

-59.58 

1143.33 

0.8578 

Left  Side 

-401.13 

1991.86 

0.8926 

Left  Velocity 

64.13 

271.50 

0.0241 

Right  Vertical 

-698.83 

506.42 

0.8811 

Right  Longitudinal 

21.96 

1222.58 

0.8739 

Right  Side 

-343.79 

2047.00 

1.0034 

Right  Velocity 

72.63 

280.50 

0.0249 

Sonic  Devc.  Velocity 

10.79 

11.00 

NA 

Fifth- Wheel  Velocity 

63.71 

272.13 

0.0240 

CALIBRATION  FILE:  C1018F 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-943.46 

257.25 

0.8720 

Left  Longitudinal 

-60.92 

1142.50 

0.8577 

Left  Side 

-404.79 

1988.83 

0.8924 

Left  Velocity 

67.04 

265.86 

0.0251 

Right  Vertical 

-702.79 

529.21 

0.8620 

Right  Longitudinal 

18.71 

1221.54 

0.8737 

Right  Side 

-344.92 

2047.00 

1.0030 

Right  Velocity 

74.13 

274.83 

0.0249 

Sonic  Devc.  Velocity 

10.88 

11.04 

NA 

Fifth- Wheel  Velocity 

65.63 

266.46 

0.0249 

CALIBRATION  FILE:  C1018G 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.88 

257.33 

0.8723 

Left  Longitudinal 

-61.46 

1144.79 

0.8578 

Left  Side 

^102.50 

1983.92 

0.8951 

Left  Velocity 

63.33 

260.08 

0.0254 

Right  Vertical 

-702.17 

499.29 

0.8839 

Right  Longitudinal 

20.54 

1226.04 

0.8740 

Right  Side 

-351.88 

2047.00 

1.0001 

Right  Velocity 

73.08 

268.83 

0.0255 

Sonic  Devc.  Velocity 

11.21 

11.42 

NA 

Fifth- Wheel  Velocity 

64.17 

261.54 

0.0253 
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CAUBRATION  FILE;  C1018H 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-943.67 

257.21 

0.8719 

Left  Longitudinal 

-51.38 

1151.00 

0.8576 

Left  Side 

-447.63 

1942.92 

0.8935 

Left  Velocity 

10.21 

254.58 

0.0205 

Right  Vertical 

-703.58 

499.33 

0,8829 

Right  Longitudinal 

-30.13 

1172.29 

0,8741 

Right  Side 

-380.92 

2047.00 

0.9881 

Right  Velocity 

17.S3 

264.29 

0.0203 

Sonic  Devc.  Velocity 

10.83 

11.54 

NA 

Fifth- Wheel  Velocity 

9.92 

255.83 

0.0203 

CALIBRATION  FILE;  C1018I 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.33 

255.58 

0.8725 

Left  Longinidinal 

-52.63 

1149.92 

0.8579 

Left  Side 

-448.88 

1941.50 

0.8936 

Left  Velocity 

10.13 

m.Q& 

0.0187 

Right  Vertical 

-702.67 

500.46 

0.8827 

Right  Longitudinal 

-29.13 

1173.54 

0.8743 

Right  Side 

-379.92 

2004.17 

1.0062 

Right  Velocity 

17.92 

286.17 

0.0186 

Sonic  Devc.  Velocity 

10.83 

11.25 

NA 

Fifth-Wheel  Velocity 

9.96 

278.50 

0.0186 

CALIBRATION  FILE;  C1018J 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.17 

256.42 

0.8721 

Left  Longitudinrd 

-45.21 

1157.96 

0.8577 

Left  Side 

^13.88 

1974.79 

0.8942 

Left  Velocity 

10.04 

264.54 

0.0196 

Right  Vertical 

-702.25 

501.21 

0.8825 

Right  Longitudinal 

27.58 

1230.79 

0.8741 

Right  Side 

-369.25 

2011.83 

1.0075 

Right  Velocity 

18.21 

273.54 

0.0196 

Sonic  Devc.  Velocity 

10.21 

10.92 

NA 

Fifth- Wheel  Velocity 

10.38 

265.38 

0.0196 
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CALIBRATION  FILE:  C1018K 


Zero  Value  Shunt  Value  Scale  Value 


Left  Vertical 

-943.63 

256.88 

0.8721 

Left  Longitudinal 

-60.13 

1143.04 

0.8577 

Left  Side 

-409.63 

1986.75 

0.8913 

Left  Velocity 

64.92 

264.63 

0.0250 

Right  Vertical 

-703.63 

500.50 

0.8820 

Right  Longitudinal 

18.54 

1222.21 

0.8739 

Right  Side 

-336.83 

2044.29 

1.0075 

Right  Velocity 

73.71 

273.42 

0.0250 

Sonic  Devc.  Velocity 

10.96 

11.29 

NA 

Fifth- Wheel  Velocity 

65.58 

266.54 

0.0249 

CALIBRATION  FILE:  C1018L 

Zero  Value 

Shunt  Vilue 

Scale  Value 

Left  Vertical 

-942.46 

257.71 

0.8724 

Left  Longitudinal 

-58.79 

1144.46 

0.8579 

I.eft  Side 

-407.92 

1985.75 

0.8924 

Left  Velocity 

63.25 

256.21 

0.0259 

Right  Vertical 

-702.29 

501.29 

0.8824 

Right  Longitudinal 

19.75 

1219.29 

0.8740 

Right  Side 

-343.79 

2035.58 

1.0082 

Right  Velocity 

72.96 

266.00 

0.0259 

Sonic  Devc.  Velocity 

11.33 

11.29 

NA 

Fifth- Wheel  Velocity 

64.17 

257.63 

0.0258 

CALIBRATION  FILE:  C1018M 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.79 

257.42 

0.8723 

Left  Longitudinal 

-45.00 

1158.38 

0.8578 

Left  Side 

-428.88 

1960.21 

0.8941 

Left  Velocity 

10.29 

255.79 

0.0204 

Right  Vertical 

-702.75 

498.08 

0.8844 

Right  Longitudinal 

45.92 

1248..50 

0.8740 

Right  Side 

-380.33 

2000.00 

1.0078 

Right  Velocity 

18.29 

265.75 

0.0202 

Sonic  Devc.  Velocity 

11.29 

11.13 

NA 

Fifth- Wheel  Velocity 

9.88 

257.50 

0.0202 
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CALffiRATION  FILH:  C1018N 


Zero  Value 

Shunt  Value 

Scale  Vail  - 

Left  Vertical 

-943.38 

257.58 

0.87  lo 

Left  Longitudinal 

-35.00 

1149.92 

0.857‘' 

Left  Side 

^53.54 

1939.50 

0.8026 

Left  Velocity 

9.54 

261.08 

0  J199 

Right  Vertical 

-709.29 

493.67 

0.8828 

Right  Longitudinal 

-30.04 

1172.42 

0.8738 

Right  Side 

-381.42 

2044.71 

0.9888 

Fight  Velocity 

18.08 

270.29 

0.0198 

Sonic  Devc.  Velocity 

11.29 

11.46 

NA 

Fifth- Wheel  Velocity 

10.33 

263.63 

0.0197 

CALIBRATION  HLE:  C1018O 


Zero  Value  Shunt  Value  Scale  Value 


Left  Vertical 

-943.63 

256.25 

0.8726 

Left  Longitudinal 

-58.04 

1 145.04 

0.8580 

Left  Side 

^5.50 

1987.50 

0.8926 

Left  Velocity 

63.79 

249.17 

0.0270 

Right  Vertical 

-710.67 

490.71 

0.8840 

Right  Longitudinal 

19.92 

1220.88 

0.8738 

Right  Side 

-345.00 

2039.75 

1.0060 

Right  Velocity 

71.42 

257.42 

0.0270 

Sonic  Devc.  Velocity 

11.17 

11.21 

NA 

Fifth-Wheel  Velocity 

63.08 

250.79 

0.0270 

CALIBRATION  HLE;  C1018P 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.42 

258.08 

0.8721 

Left  Longitudinal 

^.63 

1 162.42 

0.8577 

Left  Side 

-459.67 

1931.58 

0.8933 

Left  Velocity 

9.75 

267.54 

0.0194 

Right  Vertical 

-710.38 

490.00 

0.8847 

Right  Longitudinal 

46.17 

1248.21 

0.8739 

Right  Side 

^109.04 

1977.42 

1.0053 

Right  Velocity 

17.92 

Him 

0.0193 

Sonic  Devc.  Velocity 

10.92 

11.33 

NA 

Fifth- Wheel  Velocity 

9.96 

269.08 

0.0193 
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CALffiRATION  FILE;  Ci018Q 


Zero  y'alue 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.25 

256  00 

0.8723 

Left  Longitudinal 

-46.21 

1157.13 

0.8579 

Left  Side 

^26.58 

1964.42 

0.8934 

Left  Velocity 

10.29 

264.92 

0.0196 

Right  Vertical 

-708.92 

491.38 

0.8848 

Right  Longitudinal 

37.58 

1239.96 

0.8739 

Right  Side 

-385.13 

2000.46 

1.0056 

Right  Velocity 

18.33 

215.00 

0.0195 

Sonic  Devc.  Velocity 

11.17 

10.83 

NA 

Fifth- Wheel  Velocity 

10.08 

265.79 

0.0196 

CALIBRATION  FILE:  C1018R 


Zero  Value 

Shunt  Valu ;; 

Scale  Value 

Left  Vertical 

-943.54 

256.75 

0.8723 

Left  Longitudinal 

-43.96 

1158.75 

0.8579 

Left  Side 

^1.46 

1929.38 

0.8934 

Left  Velocity 

0.0197 

10.88 

265.00 

Right  Vertical 

-708.50 

m.6i 

0  8841 

Right  Longitudinal 

45.54 

1248.08 

0.8737 

Right  Side 

-411.42 

1973.46 

1.0060 

Right  Velocity 

18.38 

273.08 

0.0196 

Sonic  Devc.  Velocity 

11.21 

11.38 

NA 

Fifth- Wheel  Velocity 

9.92 

265.96 

0.0195 

CALIBRATION  FILE:  C1018S 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-943.13 

257.25 

0.8722 

Left  Longitudinal 

-53.13 

1149.50 

0.8577 

Left  Side 

-452.92 

1939.13 

0.8930 

Left  Velocity 

10.33 

2d. 96 

0.019y 

Right  Vertical 

-707.50 

432  92 

0.8847 

Right  Longitudinal 

-31.88 

1170.50 

0.8740 

Right  Side 

-380.88 

2005.88 

1.0051 

Right  Velocity 

18.67 

270.54 

0.0200 

Sonic  Devc.  Velocity 

11-13 

11.29 

NA 

Fifth- Wheel  Velocity 

9.83 

262.33 

0.0198 
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CALreRATION  HLE:  C1018T 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.25 

256.29 

0.8721 

Left  Longitudinal 

-33.96 

1169.58 

0.8577 

Left  Side 

-396.08 

1994.42 

0.8935 

Left  Velocity 

10.58 

268.54 

0.0194 

Right  Vertical 

-706.83 

492.96 

0.8852 

Right  Longitudinal 

35.50 

1238.67 

0.8738 

Right  Side 

-358.21 

2028.08 

1.0053 

Right  Velocity 

18.75 

276.88 

0.0194 

Sonic  Devc.  Velocity 

11.38 

11.54 

NA 

Fifth- Wheel  Velocity 

10.00 

269.79 

0.0192 

CALTORATION  FILE:  C1018U 

Zero  Value 

Shuru  Value 

Scale  Value 

Left  Vertical 

-944.13 

256.50 

0.8720 

Left  Longitudinal 

-53.5 

1149.33 

0.8581 

Left  Side 

-454.29 

1938.58 

0.8927 

Left  Velocity 

10.79 

2%2J9 

0.0184 

Right  Vertical 

-709.34 

495.04 

0.8847 

Right  Longitudinal 

-32.% 

1169.58 

0.8739 

Right  Side 

-379.54 

2011.96 

1.0031 

Right  Velocity 

18.88 

292.08 

0.0183 

Sonic  Devc.  Velocity 

11.54 

11.96 

NA 

Fifth- Wheel  Velocity 

10.5 

284.08 

0.0183 

CALIBRATION  FILE:  C1019A 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-949.83 

250.13 

0.8725 

Left  Longitudinal 

-64.42 

1138.50 

0.8578 

Left  Side 

^38.96 

1941.59 

0.8973 

Left  Velocity 

-6.21 

244.50 

0.0199 

Right  Vertical 

-687.33 

514.00 

0.8840 

Right  Longitudinal 

^.29 

1162.04 

0.8744 

Right  Side 

-371.17 

2047.00 

0.9921 

Right  Velocity 

1.63 

255.29 

0.0197 

Sonic  Devc.  Velocity 

-5.08 

-5.13 

NA 

Fifth- Wheel  Velocity 

-6.17 

244.46 

0.0200 

CAUBRATION  FILE:  C1019B 


'hero  Value  Shunt  Value  Scale  Value 


Left  Vertical 

-946.50 

253.29 

0.8727 

Left  Longitudinal 

-52.00 

1151.75 

0.8576 

Left  Side 

-393.46 

1986.92 

0.8973 

Left  Velocity 

-4.33 

252.92 

0.0194 

Right  Vertical 

-686.38 

514.75 

0.8842 

Right  Longitudinal 

18.00 

1220.63 

0.8742 

Right  Side 

-368.71 

2047.00 

0.0199 

Right  Velocity 

3.08 

262.00 

0.0193 

Sonic  Devc.  Velocity 

-3.29 

-1.71 

NA 

Fifth-Wheel  Velocity 

-4.83 

253.75 

0.0193 

CALIBRATION  FILE:  C1019C 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.50 

255.42 

0.8726 

Left  Longitudinal 

-55.67 

1147.29 

0.8575 

Left  Side 

-435.92 

1947.75 

0.8961 

Left  Velocity 

-0.83 

255.04 

0.0195 

Right  Vertical 

-686.67 

514.00 

0.8845 

Right  Longitudinal 

-33.58 

1168.80 

0.8740 

Right  Side 

-374.21 

2047.00 

0.9908 

Right  Velocity 

7.38 

264.67 

0.0194 

Sonic  Devc.  Velocity 

0.33 

1.00 

NA 

Fifth- Wheel  Velocity 

-1.25 

255.50 

0.0195 

CALIBRATION  FILE:  C1019D 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.58 

257.71 

0.8723 

Left  Longitudinal 

-37.88 

1165.42 

0.8580 

Left  Side 

-399.04 

1985.04 

0.8959 

Left  Velocity 

1.33 

257.38 

0.0195 

Right  Vertical 

-686.58 

513.00 

0.8853 

Right  Longitudinal 

35.42 

1237.75 

0.8743 

Right  Side 

-371.75 

2027.21 

1.0000 

Right  Velocity 

10.00 

266.92 

0.0195 

Sonic  Devc.  Velocity 

2.63 

2.21 

NA 

Fifth- Wheel  Velocity 

1.13 

257.67 

0.0195 
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CALBRATION  FILE:  C1019E 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-943.83 

255.63 

0.8729 

Left  Longitudinal 

-^3.54 

1160.00 

0.8580 

Left  Side 

-416.25 

1969.88 

0.8952 

Left  Velocity 

3.00 

259.08 

0.0195 

Right  Vertical 

-688.04 

511.42 

0.8854 

Right  Longitudinal 

28.67 

1231.17 

0.8740 

Right  Side 

2014.92 

1.0028 

P  ight  Velocity 

10.96 

268.71 

0.0194 

Sonic  Devc.  Velocity 

4.17 

3.88 

NA 

Fifth- Wheel  Velocity 

2.63 

259.50 

0.0195 

CALIBRATION  FILE:  C1019F 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.17 

255.71 

0.8726 

Left  Longitudinal 

-47.00 

1157.08 

0.8577 

Left  Side 

-383.96 

2002.29 

0.8951 

Left  Velocity 

4.33 

246.96 

0.0207 

Right  Vertical 

-689.83 

510.04 

0.8851 

Right  Longitudinal 

28.86 

1231.92 

0.8743 

Right  Side 

-353.38 

2046.58 

0.9997 

Right  Velocity 

12.25 

256.13 

0.0205 

Sonic  Devc.  Velocity 

5.25 

5.38 

NA 

Fifth- Wheel  Velocity 

3.46 

247.54 

0.0205 

CALIBRATION  FILE:  C1019G 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-942.88 

257.25 

0.%124 

Left  Longitudinal 

-57.17 

1146.38 

0.8578 

Left  Side 

-399.00 

1988.67 

0.8946 

Left  Velocity 

57.67 

254.00 

0.0255 

Right  Vertical 

-689.38 

510.42 

0  8852 

Right  Longitudinal 

18.17 

1219.83 

0.8737 

Right  Side 

-347.54 

2047.00 

1.0019 

Right  Velocity 

66.04 

262.92 

0.0254 

Sonic  Devc.  Velocity 

5.71 

6.17 

NA 

Fifth- Wheel  Velocity 

57.21 

254.96 

0.0253 
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CALffiRATION  RLE:  C1019H 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.96 

255.75 

0.8720 

Left  Longitudinal 

-59.42 

1148.33 

0.8573 

Left  Side 

-403,71 

1990.46 

0.8922 

Left  Velocity 

5P,.88 

259.80 

0.0249 

Right  Vertical 

-689.54 

510.29 

0.8851 

Right  Longitudinal 

15.83 

1219.00 

0.8739 

Right  Side 

-340.67 

2036.04 

1.0094 

Right  Velocity 

67.21 

268.88 

0.0248 

Sonic  Devc.  Velocity 

6.50 

6.92 

NA 

Fifth- Wheel  Velocity 

57.67 

260.17 

0.0247 

CALIBRATION  FILE:  C1019I 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-945.00 

255.08 

0.8724 

Left  Longitudinal 

-54.96 

1147.96 

0.8578 

Left  Side 

-441.92 

1948.08 

0.8937 

Left  Velocity 

6.63 

262.54 

0.0195 

Right  Vertical 

-691.63 

508.00 

0.8853 

Right  Longitudinal 

-30.67 

1171.88 

0.8737 

Right  Side 

-380.25 

2037.83 

0.9921 

Right  Velocity 

14.50 

272.21 

0.0194 

Sonic  Devc.  Velocity 

6.92 

7.38 

NA 

Fifth- Wheel  Velocity 

5.29 

262.29 

0.0195 

CALIBRATION  FILE:  C1019J 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-945.63 

255.25 

0.8719 

Left  Longitudinal 

^2.42 

1160.83 

0.8576 

Left  Side 

-474.79 

1913.71 

0.8943 

Left  Velocity 

7.29 

268.63 

0.0191 

Right  Vertical 

-692.33 

506.75 

0.8857 

Right  Longitudinal 

22.42 

1224.96 

0.8741 

Right  Side 

-mns 

1966.92 

1.0047 

Right  Velocity 

14.86 

277.21 

0.0191 

Sonic  Devc.  Velocity 

7.38 

7.42 

NA 

Fifth- Wheel  Velocity 

6.00 

269.54 

0.0190 
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CALroRATION  FILE:  C10i9K 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.13 

256.08 

0.8723 

Left  Longitudinal 

-59.46 

1144.25 

0.8579 

Left  Side 

-400.63 

1992.46 

0.8926 

Left  Velocity 

62.30 

264.54 

0.0247 

Right  Vertical 

-691.33 

507.92 

0.8856 

Right  Longitudinal 

19.63 

1221.54 

0.8738 

Right  Side 

-345.29 

2028.46 

1.0106 

Right  Velocity 

68.54 

272.79 

0.0245 

Sonic  Devc.  Velocity 

7.75 

7.79 

NA 

Fifth-Wheel  Velocity 

59.75 

265.08 

0.0244 

CALIBRATION  FILE:  C1019L 

Zero  Value 

Shuru  Value 

Scale  Value 

Left  Vertical 

-944.08 

255.79 

0.8726 

Left  Longitudinal 

-36.00 

1167.29 

0.8579 

Left  Side 

-450.75 

1938.46 

0.8940 

Left  Velocity 

7.75 

259.50 

0.0199 

Right  Vertical 

-692.42 

507.04 

0.8854 

Right  Longitudinal 

39.50 

1242.21 

0.8741 

Right  Side 

-401.88 

1977.08 

1.0084 

Right  Velocity 

15.42 

267.67 

0.0198 

Sonic  Devc.  Velocity 

8.17 

8.88 

NA 

Fifth- Wheel  Velocity 

6.79 

260.38 

0.0197 

CALIBRATION  HLE:  C1019M 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-946.71 

253.5 

0.8723 

Left  Longitudinal 

-53.96 

1148.83 

0.8578 

Left  Side 

-452.54 

1940.13 

0.8927 

Left  Velocity 

8.04 

268.25 

0.0192 

Right  Vertical 

-695.79 

503.54 

0.8855 

Right  Longitudinal 

-30.79 

1171.79 

0.8741 

Right  Side 

-381.92 

2005.79 

1.0047 

Right  Velocity 

15.79 

276.54 

0.0192 

Sonic  Devc.  Velocity 

8.54 

8.58 

NA 

Fifth- Wheel  Velocity 

7.13 

268.88 

0.0191 
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CAUBRATION  FILE:  C1019O 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-945.42 

254.92 

0.8723 

Left  Longitudinal 

-53.50 

1149.54 

0.8577 

Left  Side 

-452.33 

1941.00 

0.8925 

Left  Velocity 

7.83 

261.13 

0.0197 

Right  Vertical 

-696.08 

503.54 

0.8853 

Right  Longitudinal 

-30.63 

1171.88 

0.8738 

Right  Side 

-382.08 

2003.38 

1.0057 

Right  Velocity 

15.79 

269.92 

0.0197 

Sonic  Dcvc.  Velocity 

8.25 

8.42 

NA 

Fifth- Wheel  Velocity 

7.21 

262.21 

0.0196 

CALIBRATION  FILE:  C1019P 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.04 

255.88 

0.8726 

Left  Longitudinal 

-53.54 

1147.63 

0.8576 

Left  Side 

-412.50 

1983.33 

0.8915 

Left  Velocity 

59.13 

264.83 

0.0243 

Right  Vertical 

-695.04 

504.00 

0.8857 

Right  Longitudinal 

13.96 

1217.33 

0.8741 

Right  Side 

-338.83 

2033.92 

1.0111 

Right  Velocity 

67.00 

273.71 

0.0242 

Sonic  Devc.  Velocity 

8.79 

8.71 

NA 

Fifth- Wheel  Velocity 

58.13 

265.75 

0.0241 

CALIBRATION  FILE:  C1019Q 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-943.86 

256.46 

0.8723 

Left  Longitudinal 

-58.63 

1145.54 

0.8577 

Left  Side 

-399.33 

1993.88 

0.8925 

Left  Velocity 

67.71 

258.75 

0.0262 

Right  Vertical 

-695.96 

502.88 

0.8859 

Right  Longitudinal 

18.50 

1222.75 

0.8741 

Right  Side 

-348.67 

2019.38 

1.0131 

Right  Velocity 

75.54 

267.38 

0.0261 

Sonic  Devc.  Velocity 

8.67 

8.67 

NA 

'ifth- Wheel  Velocity 

67.63 

258.00 

0.0263 
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CAUBRATION  FILE:  C1019R 


Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.58 

255.92 

0.8721 

JLeft  Longitudinal 

-62.08 

1143.42 

0.8578 

Left  Side 

-411.67 

1988.0 

0.8901 

Left  Velocity 

62.42 

264.38 

0.0248 

Right  Vertical 

-695.79 

503.67 

0.8854 

Right  Longitudinal 

21.25 

1224.63 

0.8740 

Right  Side 

-351.83 

2029.79 

1.0073 

Right  Velocity 

70.46 

HIM 

0.0248 

Sonic  Devc.  Velocity 

9.0 

9.08 

NA 

Fifth- Wheel  Velocity 

61.58 

265.92 

0.0245 

CALIBRATION  FILE:  C1019S 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.67 

255.54 

0.8723 

Left  Longitudinal 

-55.58 

1147.54 

0.8579 

Left  Side 

^55.67 

mi.i\ 

0.8925 

Left  Velocity 

8.04 

263.96 

0.0195 

Right  Vertical 

-695.08 

504.00 

0.8857 

Right  Longitudinal 

-28.67 

1174.13 

0.8743 

Right  Side 

-380.67 

2004.38 

1.0059 

Right  Velocity 

16.04 

270.29 

0.0197 

Sonic  Devc.  Velocity 

9.04 

9.17 

NA 

Fifth- Wheel  Velocity 

7.17 

265.71 

0.0193 

CALIBRATION  HLE:  C1019T 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.83 

255.29 

0.8724 

Left  Longitudinal 

-60.08 

1 143.00 

0.8582 

Left  Side 

^104.13 

1984.04 

0.8944 

Left  Velocity 

57.58 

258.96 

0.0248 

Right  Vertical 

-696.63 

502.63 

0.8856 

Right  Longitudinal 

21.96 

1219.25 

0.8739 

Right  Side 

-353.50 

2022.38 

1.0097 

Right  Velocity 

66.21 

269.00 

0.0241 

Sonic  Devc.  Velocity 

9.08 

8.50 

NA 

Fifth- Wheel  Velocity 

58.21 

260.17 

0.0248 
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CALIBRATION  RLE:  C1019U 


Zero  Value  Shunt  Value  Scale  Value 


Left  Vertical 

-943.63 

256.25 

0.8726 

Left  Longitudinal 

-42.79 

1160.46 

0.8577 

Left  Side 

-420.88 

1969.63 

0.8935 

Left  Velocity 

7.25 

261.46 

0.0197 

Right  Vertical 

-695.38 

502.83 

0.8863 

Right  Longitudinal 

25.17 

1227.96 

0.8738 

Right  Side 

-370.17 

2009.38 

1.0082 

Right  Velocity 

14.79 

270.88 

0.0195 

Sonic  Devc.  Velocity 

8.17 

8.33 

NA 

Fifth-Wheel  Velocity 

6.67 

261.08 

0.0197 

CALIBRATION  FILE:  C1019V 

Zero  Value 

Shunt  Value 

Scale  Value 

Left  Vertical 

-944.50 

255.79 

0.8723 

Left  Longitudinal 

-54.79 

1148.13 

0.8574 

Left  Side 

-454.13 

1938.46 

0.8928 

Left  Velocity 

7.00 

251.08 

0.0205 

Right  Vertical 

-696.38 

502.58 

0.8858 

Right  Longitudinal 

-28.96 

1173.42 

0.8739 

Right  Side 

-381.96 

200067 

1.0069 

Right  Velocity 

15.21 

260.17 

0.0204 

Sonic  Devc.  Velocity 

7.83 

7.50 

NA 

Fifth- Wheel  Velocity 

6.67 

251.58 

0.0204 
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